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FOREWORD

The Summary Report of the Physics Division of the

Argonne National Laboratory is issued monthly for the information

of the members of the Division and a limited number of other persons
interested in the progress of the work. Each active project reports
about once in 3 months, on the average. Those not reported in a
particular issue are listed separately in the Table of Contents with

a reference to the last issue in which each appeared.

This is merely an informal progress report. The
results and data therefore must be under stood to be preliminary and

tentative.

The issuance of these reports is not intended to con-
stitute publication in any sense of the word. Final results either
will be submitted for publication in regular professional journals

or, in special cases, will be presented in ANL Topical Reports.
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I, EXPERIMENTAL NUCLEAR PHYSICS

1-10-2 Tandem Van de Graaff Accelerator (51210-01)

1. INSTALLATION

Jack R, Wallace

The following is a chronological summary of the tandem
Van de Graaff accelerator project of the Physics Division,

The first shipments of parts from the High Voltage
Engineering Corporation began to arrive July 10, 1961. The Tandem
wing on Building 203 (Fig. 1) was not accepted from the contractor until
October 1961. The reassembly of the Tandem was slower than had been
anticipated because of the condition of some of the equipment when re-
ceived., The alignment of the equipment also required excessive amounts
of time,

The acceptance tests of the accelerator (Sec, 2) were de-

layed until February 2, 1962 because of a ''loading' problem in the

190e il Perspective drawing of the tandem wing of the Physics Build-
ing. The wing attaches to the Physics Building (not shown) along
the upper right-hand side. The earth shielding (shown cut away)
extends along the sides of the target rooms and almost to the end
of the accelerator vault, See pp. 3-4 of ANL-6262 (Physics
Division Summary Report, December 1960) for floor plans and
vertical section,
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was
accelerating tube, a troublesome discharge current when the voltage

t area,

raised. Installation of auxiliary vacuum systems in each targe
1s be-

tension of the beam tubes, placement of shielding blocks in the !
tween machine vault and target rooms, and the installation of experimental
cables, interlocks, etc. had to be delayed until acceptance seotrer
pleted by High Voltage Engineering.

ioned above were completed during the month

The items ment
eriments with the Tandem were

of February and the first preliminary exp

started on March 5, 1962, This period of operation was mezely ol tEuy
ize the experimenters and technicians with the operating of the machine,
Starting March 26, 1962, the Tandem was shut down while
the new 900 analyzer magnets were installed, The original analyzer mag-
nets supplied by High Voltage had a 28-in, radius of curvature and were de-
signed to deflect ions for which the product of mass and energy could have
values up to 36 amu-MeV, They had agreed to replace these magnets after
the acceptance tests with magnets having a 34-in. radius of curvature for
ions with mE < 52 amu-MeV,
Operation of the Tandem was again resumed on May 7, 1962,
Since that date the Tandem has been in constant use, By February 5, 1963,
the accelerator had been operated for 3335 hr, From May 1962 until
February 1963, the machine was scheduled 96 hr /week, Starting on Feb-
ruary 4, 1963, the Tandem will be scheduled 120 hr/week.
The following is a partial list of experiments that have been
in progress on the Tandem:
1. Charged-particle scattering from Ni and Cu isotopes,
2. Experiments testing the validity of the distorted-wave Born
approximation for Ca49d, p)Ca%1l,

Measurements on B19(d, LiS)LiS.

(=

B (D) G

(%2}

BT (p, ply)BLEE

Cross sections of a-particle reactions,

o
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7. Al27(p, a)Mg24,
8. K39(p, a)Ar3s,

Several large pieces of experimental equipment are now being
installed in the target areas. One of these is a large remotely-operated
scattering chamber designed by Jan Yntema, This chamber is being in-
stalled by the Central Shops. Preliminary work has been done for the in-
stallation of a broad-range magnetic spectrometer for John Erskine and
Linwood Lee,

The acceleration of heavy ions is also being studied at the

Tandem.

2. ACCEPTANCE TESTS

William Evans, Paul Mooring, John Schiffer, Ralph Segel,
and Jack Wallace

Protons were used to demonstrate the performance ratings
of the tandem; helium ions were used to demonstrate the performance
ratings of the helium injector.

The Al27(p, n)Si27 threshold at 5,800 MeV was used to cali-
brate the generating voltmeter and to establish the magnet constant for both
analyzer magnets. The object slits were set at 0.150 in. and the image
slits at 0, 050 in, These settings were maintained for all tests with a par-
ticular magnet.

The reproducibility of the analyzer magnets was checked by
the FeS4(p, p'y)Fe5%* reaction, Excitation curves were run first by in-
creasing the magnet current from a low value and second by decreasing
the magnet current from a very high value, the magnetic field in each case
being measured by nuclear magnetic resonance, Shifts in the NMR fre-
quencies at which the resonances in the gamma-ray yield occurred
correspond to an energy shift of 1. 8 keV for magnet No, 1 (Fig. 2) and a

shift of 1. 0 keV for magnet No. 2. The width of the resonances observed
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rum from the

Fig. 2. Proton spect
gFe54(p p')FeS4%* reaction. fhese
5 ' -
data were taken with a targ -

keV thick.
e west target
room h it was deflected
by ma’gnet No.: 1 Points marked
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proper magnet current (about

4 A) was reached by increasing
from zero, Those marked x
were taken after the magnet cur-
rent had been raised to 12 A and
then returned to the proper value,

COUNTS/INTEGRATOR CYCLE

1000

4(:.)250 4.290 4300 4.310 4320 4330
PROTON ENERGY (MeV)

in this reaction indicated that the energy spread of the system was lessh
than + 2 keV.,

The FeS5%4(p, p'y)FeS4* reaction and the Ni58(p, n) threshold
were used to check the calibration constant at widely divergent fields, The
agreement was better than the known energy values for the two reactions,
The energy stability of the over-all system was checked by sitting on tk.»
side of one of the sharp FeS%(p,p'y) resonances and noting the time de-
pendence of the counting rate, The energy drift during the course of this
run was less than 500 eV,

The ion-beam current was measured in both target rooms
at the end of the 150 beam line. It was measured in a Faraday cage
biased at a potential of +300 V. A current exceeding 2.0 pa was observed
during 1-hr runs at 3 MeV and at 6.5 MeV and during a 2-hr run at 10
MeV. During each of these six runs, the current exceeded 2.0 pa for
more than 95% of the time,

The diameter of the ion beam was checked by observing the

beam spot on a quartz viewer, At all energies and for all currents for

which observations were made, the spot size was satisfactory, The posi-
tional stability of the ion beam also exceeded the contractual requirement

(ion-beam diameter < 5 mm, positional stability + 2 mm).
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The magnetic field of each analyzer magnet (rated for ions
for which the product of mass and energy was 36 amu-MeV) proved more
stable than specified,

All observations were made beyond the switching magnets.

The voltage calibration of the helium-ion injector was
checked by using the C13(a, n)O1% reaction. This also checked the per-
formance of the analyzer and switching magnets at high fields. The voltage
stability of the injector was better than the contract figure of £50 keV
during this run. An ion-beam diameter of less than 0. 250 in. was observed
on a quartz viewer,

Currents in excess of 1.5 pa He+ and 0,5 pa He++ were
maintained for the proper times and at the appropriate energies. The
energies of the helium-ion beam were checked by using the C13(a,n)O1®
reaction.

After installation, the large analyzer magnets designed for
ions with a mass-energy product of 52 amu-MeV were checked against the

FeS4(p, p'y)Fe5%* resonances and found equally satisfactory.

1-14-24 Pulsed-Beam Experiments with the Van de Graaff Machine
(51210-01)

F. J. Lynch and E. N. Shipley
Reported by F. J. Lynch

PULSED-BEAM MEASUREMENTS ON THE DOUBLET IN Se”7

i
Robinson, McGowan, and Stelson proved that what was once
thought to be a single excited state in Se77 near 245 keV was, in fact, two
closely spaced levels, Figure 3 shows the energy-level diagram with the

energies and spins assigned by them to these levels, The lower level at

i
R. L. Robinson, F. K. McGowan, and P, H. Stelson, Bhy s Revisli2b5
1373 (1962).
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5/2— (248) 242 keV is strongly excited by

3/ 242 Coulomb interaction and decady® L0
+T the ground state by a mixture Of E2

s 5] and M1 transitions. The upper level

is weakly excited and decays to the

i y ground state by an E2 transition or

i 77 8 to the first excited state by an Ei.

Se Prior to the general recognition

Fig. 3. Energy-level diagram for that there was a doublet, there were

77T alsire- 5
s tloc\;lgr llsvsls zf S?\/Ic)(}owan two direct lifetime measurements
porte y Robinson, ,

and Stelson (reference 1). attributed to the 245-keV level,

Using Coulomb excitation with pulsed He ions on a normal Se target,

Holland and I_,ynch2 measured a mean life of 0,1 nsec. This undoubtedly
referred to the lower level at 242 keV, which strongly dominates in Coulomb
creiimiien,  lLaiEe, 10y 1) Nainan,3 using gamma-gamma delayed coin-
cidence techniques with a Br77 source, reported a mean life of 1,9 nsec,
Robinson, McGowan, and Stelson assumed that that this was associated

with the upper level at 249 keV., Since Holland and Lynch had observed a
weak unidentified gamma ray with a lifetime longer than reported, we
undertook to measure the lifetime of the upper level and the relative in-
tensities of the gamma rays, using pulsed-beam techniques with an enriched
Se7@ target,

The target was a thick layer of Se77 (enriched to 74%)

evaporated on copper, The measurements were made with an externally

pulsed beam of singly charged He# ions at from 2,6 — 3.5 MeV from the

electrostatic accelerator, The detector was a NaI(Tl) scintillator

2
R, E. Holland and F. J. Lynch, Phys. Rev. 121, 1464 (1961),

3
T. D, Nainan, Phys, Rev, 123, 1751 (1961).
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oriented first at 0° and later at 125° relative to the ion beam, The nuclear
states were excited by Coulomb interaction with short bursts of ions, and
the time of emission of the various de-excitation gamma rays was observed
relative to the time of the burst, The equipment and techniques have been

: . SR
described previously. ’ ’

[T T T Tk =
Figure 4 shows the -
2000— G

se’7 (a,a)

normal scintillation pulse-height L °  PULSE-HEIGHT SPECTRUM
s (UNGATED)
spectrum observed with alpha par- S j &

- 7 5
ticles on Se”7, The prominent e o . -

COUNTS

large photopeak at 242 keV corres-

ponds to the ground-state transition

I 88 KeV ® s
from the lower level of the doublet, 400— £ & b 5 —
A 2 d
There is no evidence of the ground- = : i
a2l 00 100 200 300 400 500
state transition from the upper ENERGY , KeV.

level. The small photopeak at about Fig. 4. Ungated scintillation pulse-

87 keV was shown by Robinson height spectrum from a Se?7

target bombarded with 3. 0-MeV

alphas, Detector is a NaI(T1)

from the upper level to the first ex- cylinder % in, thick by 1 in, in
diameter.

i
etal,; to be due to the transition

cited state, When we look at the

time of occurrence of the gamma rays producing these two photopeaks, we
obtain the time spectra shown in Fig. 5. This shows the unaltered time
spectra of the gamma rays in the entire photopeaks at around 87 keV and
around 242 keV., Both spectra show a fast component followed by a slow
component and provide a measure of the lifetimes of the two levels, In
addition to measuring the lifetimes, the time spectrum of the 242-keV
gamma rays was vsed to obtain the relative intensities of the ground-state

transition from the two levels,

4

R, E. Holland, F. J. Lynch, and S. S. Hanna, Phys. Rev., 112, 903
(1959).

5F. J. Lynch and R. E. Holland, Phys. Rev. 114, 825 (1959).
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Figure

The upper curve shows the spectrum associated

This shows one

photopeak at 242 keV due to the ground-state transition from the lower

level,

The middle curve shows the pulse-height spectrum taken after the

fast component has decayed but before the slow component has completely
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decayed., It shows a photopeak at 249 keV due to the ground-state transi-
tion from the upper level., Another photopeak at 88 keV corresponds to the
transition from the upper level to the first excited state. The middle
photopeak at 161 keV is due to the decay of the first excited state which

has a lifetime of 17.5 sec. The lower spectrum was taken at a time after
the slow component had completely decayed and shows only the photopeak at
161 keV due to the decay of the long-lived first excited state. It was used
for subtracting background from the spectrum associated with the slow com-
ponent. From these spectra, one may obtain the energies of the gamma
rays and the branching ratio of the transitions from the upper level.

From the time spectra (Fig. 5) the mean life of the slow
component was obtained by measuring the reciprocal slope at times after
the fast component had decayed. The value obtained from such measure-
ments was T = 13.2+ 1.2 nsec for the mean life of the 249-keV level. In
order to measure the mean life of the fast component, it is necessary to
subtract the slow component from the spectrum. The difference is a pure
fast spectrum which can then be compared with the spectrum of a prompt
gamma ray of the same energy. To do this, the IBM-1620 computer was
first used to generate the pure time spectrum D(T) to be expected for a
gamma ray with a lifetime 7 = 13,2 nsec by use of the convolution integral

L -t/T
D(T) = fo DR e dt

where P(t) is the measured prompt spectrum. Then, after the amplitude

of D(t) was adjusted to fit the tail of the measured spectrum, it was sub-
tracted from the measured spectrum. The resultant pure fast spectrum
was then compared with a prompt time spectrum which was taken at the
same energy by using a narrow window at 242 keV on part of the Compton
distribution from the 480-keV gamma ray (7 = 10712 sec) from a Li7
target, The mean life of the 242-keV level was calculated from the centroid

2
shift to be 0.070 £ 0.05 nsec. When the previous lifetime datall are cor-
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rected for the presence of the slow component, they yield 7 = 0.075 £ O- 05

nsec in good agreement, The errors indicated are partly due to erratic

fluctuations in the measurements but are mostly due to systematic errors
generally encountered, but only qualitatively understood_2 The calcula-
tion also yielded the ratio of the fast component to the slow one, thereby
giving the relative intensities of the ground-state transitions from the two
levels in the doublet, For the latter measurement, a broad window was used

which more than covered the photopeak. In order to minimize excitation of

|
the 242-keV level by cascade from the 440-keV level, the above data were |
taken with a bombarding energy of only 2.6 MeV,

From the time-gated spectra similar to those shown in
Fig. 6, the energies of all the gamma rays and the branching ratio of the |
gamma rays from the upper level were obtained., From the relative counts

in the photopeaks, the relative gamma-ray yields were obtained after the

following corrections were made.

1. The probability that a gamma ray would be totally absorbed
in the crystal was calculated by use of a Monte Carlo calculation of Miller
]
and Snow on the IBM-704. This was carried out for the scintillator and

geometric arrangement at the gamma-ray energies of interest.

2, A correction was made for absorption in the target

assembly and scintillator window,

3. A correction was made for the shift of the centroid of the

time spectrum of a prompt gamma ray as the gamma-ray energy changes.
This energy dependence is due to the time constant in the scintillator. The

correction was calculated in two ways. The simpler way consists of apply-

At/ ;
to the yield of 88-keV gamma rays, where

the energy-induced time shift is At = t—sa

ing aicorrection factorie

- t,,g in which t _ is the centroid
of the prompt spectrum at 88 keV, toaso is the centroid of the prompt

spectrum at 249 keV, and 7 is the mean life of the 249-keV level, A more

W BB SN e sian dSWESSTEES o w S RIevilS c il s e (a0 (1960).
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careful calculation was made by v

—— B7 KeV
——— 242 KeV

generating (as described above) o'l
the time spectra for 7 = 13,2
nsec by use of measured prompt

spectra taken at 88 keV and 249

COUNTING RATE
6»

keV. This is shown in Fig. 7, 0

which also shows the positions of

the windows for the middle and e o Tlljg(nun:soecondlsc)’o—‘lzo e

lower pulse-height spectra in Fig. 7. Time spectra, calculated

with the convolution integral, for

gamma rays whose mean life is

number of counts in each window 13.2 nsec and whose energy is 87
keV or 242 keV,

Fig. 5. From these curves, the

was obtained for each energy; and
the correction was calculated, The results were nearly the same as in
the simpler calculation,

4, No correction was made for the angular distribution of
the gamma rays from the 249-keV level, To speed data accumulation,
most of the data on this level were taken with the detector in the forward
direction where it subtended a solid angle of = radians. If the initial
orientation of the excited nucleus were maintained until gamma rays were
emitted, one would expect the intensity of the 249-keV gamma ray to be 9%
greater in the forward direction than at 1250, Experimentally, it was
found that the intensity was about 10% higher at 1250, This is probably
not significant, however, because the experiments were performed at
different times with different detectors.

5 Robinsone_ta_l. 5 found A2 = 0.00+ 0,12 for the 88-keV
gamma ray and A_ = -0,085+ 0,028 for the 242-keV gamma, ioNcoriEce:
for this asymmetry in the angular distribution of the 242-keV gamma rays,
the intensity measured in the forward direction must be reduced by 2. 5% .

The preliminary results are listed in Table I. The energy
measurements are in good agreement with those of Robinson e_ta_l,

although the technique employed should permit more accuracy than we

ikl



I-14-24

TABLE I. Preliminary results of measurements.

Se7T
102"
Y(keV) B(EZ)eXC R (cm*) T (nsec) L% o 191/1252
e
242 O, O 2= 005 2.8 %35 () ehes (o)L 2
249 + 4 {.28 = (17520 1302 =R
88 3 {3 R SR W

Revised results of Robinson, McGowan, and Stelson

S0
10
& 2
E (keV) B(EZ)exc X = (cm*<) B(EZ)d/B(E )SP 7 (nsec)
242 1A et i s A 0 (0125 e (0] 50T/
249 138 & 0,50 26
are able to report here. The branching ratio I__/I,,  from the 249-keV

level is 0.48 = 0.08. The relative intensity of the ground-state transitions
of the doublet is 1242/1249 = 27 + 3. The mean life of the 249-keVileveltis
13.2 + 1.2 nsec. That of the lower level is 0.075 = 0.05 nsec. From the
lifetime and branching ratio of the 249-keV level, B(E2) for excitation was
calculated to be 1.25 X 10°% e2cm*.

Our results are in gross disagreement with the values of
Robinson et al. - for the gamma-ray intensity ratios 188/1249, 1242/1249 5
and the B(E2) for excitation for the 249-keV level, because their values
are based on the wrong value for the lifetime of the 249-keV level. When
the proper mean life 7 = 13.2 nsec is used with their yield data, B(EZ)exc

for the 249-keV level is calculated to be (1.38 £ 0.5) X == E=cm i
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1-21-10 5

reasonable agreement with the independent measurement quoted above,
Similarly, their value for the branching ratio 155/1249 becomes 0.367,

and I /1

e becomes 18 in fair agreement with our measured value. On

249
the basis of their measured yield and our measured relative intensities,

the B(Ez)exc for the 242-keV level is reduced from 18, 23 to

17.4% 10-5° e cm®. The indirect lifetime measured by them is thereby
slightly increased to 0.035 + 0.017 nsec. Our directly measured value is
about double this, but the lower value is more probable because of its lower

quoted error.

I-21-10 Excited States of Light Nuclei (51210-01)

J. A, Weinman

DETERMINATION OF LEVEL WIDTHS BY ELASTIC
SCATTERING FROM THICK TARGETS

In the analysis of elastic-scattering experiments, one fre-
quently seeks to determine whether or not observed differential crocs
sections are compatible with those derived from dispersion theory. When
using solid targets whose thickness (in energy units) cannot readily be
made less than the resonance width I', the energy spread introduced by
target thickness, beam straggling, and the energy spread of the incident
beam tend to spread the resonance. All of these factors may be combined
and represented either by a square or Lorentzian function with an effective
thickness T. This thickness T can be estimated from the observed widths
of narrow resonances with I << T. This note indicates the effect of this
spreading on the magnitude of a resonance, i, e,, the difference between
the maximum and minimum value of the cross section, It can thus be used
to obtain an estimate of the value of ' when I' < T, provided that the
resonance shape can be derived from dispersion theory and that one can

make an estimate of the density distribution in the target. If other reactions
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compete with the elastic scattering, and the total width I" has been measured

in another reaction, this procedure can be used to determine the ratio

Fal/r’ where Fal is the partial width for the particle scattered elastically.
The differential cross section for elastic scattering may

be derived from dispersion theory for well-isolated levels., The elastic-

scattering cross section represents interference between Coulomb scatter-

ing, nonresonant nuclear scattering, and resonant scattering. This inter-

ference produces a myriad of resonance shapes.l The theoretical expressions

may be approximated by Haeberli's expression

2 el =
k — (¢) = A+ Bsin 2L+ YY), (1)
dw

where |

do 2 do

A=K — =
= (el) A R R = e 7 (Ez)
minimum, maximum

The slowly varying nonresonant data fix y through the relations

2d0‘

dw

A+ B sinzy =1 (€)

Rutherford + nonresonant

and

(Tad
1

3 tan-1 [3 T/(E'- o] .

When spread by an effective square function corresponding to thickness

T, the observed differential cross section will be

1
H. T. Richards in Nuclear Spectroscopy, edited by F. Ajzenberg-
Selove (Academic Press, New York, 1960), Vol. I, p. 127.
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do i do A B L
— (E) = = de = — —_— 2
dw() Tf dm(e)e 2+ 2sm.y (2)
: k K
By
3
! 2(EL SIE)te 2(mls )
B
2(c:os 2 ) ,arc tan ————— - arc tan————————
2TK & .
& 2
res tam - mem®
. : r2+ [2(E' - E)+ T] |
+ ———— (sin2y) log- = ‘> .
4= \r‘2+[2(E'-E)—T] z
= J
The ratio R, defined as
do do
dw (El)\max T dw (Ez)‘min
R =
do Mzl s )
dw 1% max dw 2" | min
(3)
k2 do do
= — —((E - —(E
B <dm (B ] max dw 22 min /

is plotted in Fig, 8 as a function of T/T" with y as parameter,

If a Lorentzian function of the form

1
(e -EZ + 37T

I
27 =

is assumed to describe the effective density distribution of the target,

then
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T
1.0! 1 -
SQUARE TARGET Fig. 8. The magnitude of a reson-
o2 ;Z.?,. 2 ance, defined as the difference
08 ;:ggj 5l between the maximum and minimum

07 ¥y =40° 1050° &

value of the cross section, is

1 spread by a thick effective target.
4 Target thickness is given in

4 units of resonance width, The
curves are given for effective tar-
gets with square and Lorentzian
density distributions,

06
0.5

LORENTZIAN TARGET.
(ALL VALUES OF y)

0.4
03]
0.2}

ol

00.] 03 I T/Té 10 30
e 0 D
((110- (E) - T f [A + B sin (y +2§)] ac (4)
w Z ik (e E)es BPtens

This expression was numerically integrated to find the
spreading ratio R defined in Eq. (3). Figure 8 also includes a plot of R as
a function of T/T for the Lorentzian function,

It will be noted that R has the same value for vy, 900 - Y,

90O + v, and 180° - Yy when the resonance is spread by a square target, and
that R is independent of y when the resonance is spread by a Lorentzian
target,

The shapes of the resonances spread by these functions re-
tain the same qualitative features as the resonances derived from disper-
sion theory., However, distortions are introduced if the target is nonuni-
form.

The following isolated resonances in Si28 serve to illustrate
the reliability of this method for determining the ratio T /T from
elastic-scattering resonances spread by a thick target, giice the

Mg24(a, p)Al27 reaction could compete with the elastic-scattering process

it was possible to determine the ratio 1"(11/1" only for resonances for which

T was known from radiative-capture reactions, Although the resonances in
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Si2e which were studied by Mg24(a,a)Mg2% elastic scattering were also
observed in the Mg24(a,y)5i28,2 A].27(p,\{)Si25,a Mgz‘*(cl.,p)A127,4 and
Al27(p,a)Mg24 i reactions, the parameters of only two resonances were
sufficiently redundant to allow a comparison between the value of Faf/l"
derived by this method and Fajz/l" obtained from other measurements.
The differential cross section for elastic scattering was
determined graphicallyl for various ratios I‘Qﬁ/l". The quantum-
mechanical expression for the elastic scattering of alpha particles by
Mg2#4 (spinless particles on spinless nuclei) is given in the one-level

6
approximation by

de

dw Er= KF

2

P. J. M. Smulders and P. M. Endt, Physica 28, 1093 (I062):FT ST
Weinman, L. Meyer—Schutzmeister, 5 L liee, man s amd SERSERMiALKS,
Bull  Ami"Phys.#Soct T, 73 (1962).

3 1 I 1 el
S. L. Andersen, H. B(;, T. Holtebekk, O. Lo'nsﬁ), and R. Tangen,
Nuclear Phys. 9, 509 (1958/59).

4
S. G. Kaufmann, E. Goldberg, L. J. Koester, and F. P. Mooring,
Phys. Rev. 88, 673 (1952).

=) 1 " |
S. L. Andersen, A. Haug, T. Holtebekk, O. Lonsjc;, and R. Nord-
hagen, Physica Norvegica Mgl (1961).

6
R. G. Sachs, Nuclear Theory (Addison-Wesley Press, Cambridge,
1953).



18

1-21-10

Here k is the relative wave number; a = Z'Z"e2 M/ﬁzk, o emc . an et
are the charges of the target and projectile,and M is the reduced mass of

the alpha-Mg24 system; f is the center-of-mass scattering angle;

J ;
2i(ng - Mo) - L‘LE\ ’
; tﬂ—_1<t'i° ’

/

i 0 is the partial width for alphas from the level Er of the compound
a
nucleus; and T" = z I" , where s runs over all open channels.
s” s

The resonant phase shift is
4= 5 a5 TR e .

0 1 = R G , ol 18
Here E Er + 3 ZS st Fs’ where st s(aos)/ s(aos) wi 5

and G_ defined in reference 6. [These functions differ from the usually
s 1

tabulated functions by a factor (Ms/ﬁ P
The potential phase shift is él = o t Qll , with

= - g Al A
Qll Fl (aol)/Gl(aol) Here Fl and Gl are the regular and ir

regular Coulomb functions defined in reference.6.

Haeberli's approximation (1) was then fitted to the theo-
retical cross section (5). The observed widths of the narrow resonances
in the elastic-scattering experiment were assumed to be entirely due
to target thickness and straggling in an excessively thick target (T = 13
keV). The square density-distribution function was assumed applicable
to this analysis. The ratio 1"(11 /T could then be determined from the
values of T, T, y, and R by means of Fig. 8.

Table IT compares the results of this procedure for deter -
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mining T I/F with this ratio derived from other measurements,
a
The present method displays somewhat greater internal
consistency for resonances with widths T" exceeding 2 keV than for the nar-

row resoances cited in Table II,

TABLE II, Comparison of Izu/l" from elastic
scattering with the value from other measurements.

MeV ™ i ’
Ealab( eV) i T (keV) ]_"al/]_"(elasnc) r”/r (other)
4 a b
3.2143 + 0,007 2 (o), 71 <5 (o), i8] 0.4+ 0.2 0.6
+ v
3,418 + 0.007 2 RN 0,30, 0.5°

aReference 3.
b
Reference 2,

cReference By

I-27-1 Studies of Deuteron-Induced Reactions (51210-01)

J. P. Schiffer, L. L., Lee, Jr., and B, Zeidman

A STUDY OF THE Ca(d, d)Ca AND Ca%9(d, p)Ca%*l REACTIONS

In recent years the Distorted-Wave Born Approximation
(DWBA) has been used to obtain theoretical fits to experimental results
from stripping and pickup reactions. Our present experiment is intended
to test the theory's predictions of absolute cross sections and shapes of
angular distributions over a range of deuteron energies. Preliminary re-
sults are reported here.

The Ca%9(d, p)Ca%*l reaction was chosen for study because
some of the low-lying final states in Ca*l are believed to be very nearly

good single-particle states. In particular, the Ca*l ground state should
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contain the entire 1f7/2 stripping width and excited states at 1,95, 2.45,
and 3. 95 MeV should contain almost the full p-wave width, with the 1 P32
strength concentrated in the state at 1. 95 MeV excitation, In this case
then, the ''spectroscopic factors' for the (d, p) reaction can be assumed

to be known so that the DWBA can be used to predict exact absolute cross
sections,

The DWBA calculations use an optical potential to describe
the distortion of the incident wave by the nucleus. It is necessary, there-
fore, to first measure the elastic deuteron scattering from the nucleus
under investigation and use these results to obtain parameters for an optical
potential, These parameters can then be used, without further fitting, in
DWBA calculations to predict the differential cross sections for the (d, p)
reaction., The feasibility of this approach is then indicated by the fit be-
tween these predictions and the observed experimental results.

We have used the deuteron beam from the Argonne tandem
Van de Graaff generator to bombard natural Ca targets at deuteron ene rgies
of 7.0, 8.0, 9.0, 10.0, 11.0, and 12.0 MeV. Semiconductor counters were
used to detect the reaction protons and elastically scattered deuterons. The
targets were thin rolled foils of natural Ca about 60 keV thick to the deuteron
beam., Measurements were made over an angular range from 10° to 1680.
Absolute cross sections were obtained from comparison with the Coulomb
scattering of 4-,5-,and 6-MeV alpha particles in the same geometric
arrangement,

The results for the elastic deuteron scattering, plotted rela-
tive to the cross section for Rutherford scattering, are shown in Fig, 9.
Except where shown, the errors are of the order of the size of the points,
The absolute cross sections are believed to be accurate to about 5%, Pro-
ton angular distributions were measured for the four most prominent
groups from Ca*!, corresponding to Q values of 6. 14, 4, 19, 3,67, and
2.19 MeV. The measured differential cross sections for the Q) = (&, il

and 4.19 MeV groups are shown in Figs, 10 and 11, respectively. Here



I-27-1

|l T T 1 T T T =
the absolute cross sections are be- e s a
o8k Edl70 MeV | * Ed=50 MeV. A
lieved accurate to 10% or better. We ik e AL G
04 O8 o . . =
expect to improve this precision o2}~ = —+ .
S0 & e
with further measurements, o e 7} oy
08— % 2 4 = |
G. R, Satchler and EIo8 R G
Eos ™ § . SR i
his collaborators at Oak Ridge o2 L "1 e P "l \ i
] T I I e I T I s
National Laboratory are now anal- E £ 4110 Mev
o8, =
yzing the above data, Prelimin- LSS e PO 7]
ary results for the elastic deuteron e A e i \' I \ 1'"
O 30 60 90 (20 150 O 30 60 90 [0 150 180"
scattering have yielded several fn
Fig., 9. Elastic scattering of

sets of parameters for the optical
potential that give approximately
equally good fits to the measured
differential cross sections.

is usually no smooth variation of

of these parameters with
energy. In particular,
the best-fit radius of the
potential well changes by
as much as 30% from 8 to
12 MeV. Also, all of the
radii that give good fits
are unusually small, with
R, of the order of 1.0
fermiy

e
theoretical predictions
for the (d, p) differen-
tial cross sections ob-
tained from the prelim-

inary sets of optical
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deuterons from Ca, plotted rela-
tive to the Rutherford cross
section for the laboratory ener-
gies indicated, The thin Ca foil
target was about 60 keV thick to
the incident deuterons.
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Fig. 11, Center-of-mass differential cross
sections for the Q = 4,19 MeV group
from the Ca4Y(d, p)Ca4l reaction with
the same target as for the previous
figures,

I-27-1

parameters have been cal-
culated for the Q = 6.14
MeV and Q = 4,19 MeV
groups, In these calcula-
tions the Q = 6,14 MeV
group was assumed to con-
tain the entire 1f7/2
ping width and the Q = 4,19

strip-

MeV group was assumed to
contain the entire 2p3/2
stripping width. When no
cutoff is used for the radial
integration, the fits to the
measured results are
usually very poor both in
shape and absolute cross
Introduction of

Slegiions

a cutoff at about the nuclear

radius gives rather good fits to the first maxima of the proton angular

distributions but poorer fits at larger angles,

The agreement between the

measured and predicted absolute cross sections on the stripping maximum

varied with deuteron energy and choice of potential,

On the average, the

two agreed to within 30% with much better agreement in some cases.
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1-31-3 Elastic Scattering of Protons (51210-01)

T e e rNand i TR Schiffer
Reported by J. P. Schiffer

A TEST OF THE STATISTICAL NATURE OF FLUCTUATIONS
IN NUCLEAR CROSS SECTIONS

The statistical fluctuation of nuclear cross sections has been
discussed in some detail by Ericson. : His discussion depends strongly on
the detailed validity of the statistical assumption that levels are spaced
randomly and furthermore that the widths of levels are also distributed at
random. It is the purpose of this note to point out that this assumption
does not seem to be valid in at least two cases in which compound nuclei
with A ~ 60 were excited to energies of 10—15 MeV. The assumption of
a random distribution implies that the observed fluctuations of an experi-
mental cross section as the energy changes will be inversely proportional
to the square root of the experimental resolution width AE whenever AE
is comparable to or greater than the true period of the fluctuations.

It is clear that this rule will be obeyed only if the levels in
the compound nucleus are distributed completely at random. If there is
any tendency for strongly populated levels to cluster together, as may
occur in some cases, one may well observe gross fluctuations which
are in fact not the statistical ones discussed by Ericson.

The results reported here are derived from a detailed study

3
of the elastic scattering of protons from Ni and Cu isotopes. Excitation

1
T. Ericson, '"Advances in Physics,' Phil. Mag. Suppl. a5
(1960).

2
A. M. Lane, R. G. Thomas, and E. Wigner, Phys. Rev. 98, 693
(955)%

3
[ e 1 R P S ichiitfer iand 0 R Erskine, Bull. Am. Phys.
Soc. 7, 532 (1962).
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90° YIELD FOR ELASTIC functions for the 90 scattering from

80— PROTON SCATTERING

Ni, shown in Fig, 12, indicate that
the cross sections do in fact fluctuate,
seemingly with periods which are 2

to 3 times the experimental resolu-

YIELD, ARBITRARY UNITS

tion widths, Ericson's paper con-

70 8.0 5.0 10.0 TG 20 sidered only reaction cross sections,
PROTON ENERGY, MeV

o ; As long as one is considering only the
Fig. 12, Excitation function at

900 of the elastic scattering periods of fluctuations or their rela-
of protons from NiS8 and

Ni80, The target thickness
was 3,32 mg/cm2 for Ni58 that the statistical treatment will
and 5.06 mg/cm? for Nis?,
approximately 100 and 150
keV, It is only in the absolute magnitude

tive amplitudes, however, it is clear
apply equally well to elastic scattering,

of the fluctuations that the nonreson-
ant potential and Rutherford scattering will play a role, similar to the
role of direct components in reactions,

An examination of Fig, 12 with a knowledge of the target
thickness would lead one to conclude that the mean width of the levels is
about 250 keV and thus one would be led to conclude that the so-called
'"lifetime of the compound system'' is of the order of 2 X 10™ 2% sec.
Figure 13 shows two excitation functions of the proton scattering from
NiS®, one taken with a resolution width of 6 keV and the other with 120
keV. It is clear that while the lower curve appears to show about one and
a half resonances the upper curve indicates that this structure is in fact

caused by many narrow resonances with widths of 8 —15 keV or less. It

is clear that the estimate of the lifetime would have been in error by at

least a factor of 20,

The next quantity one can compute is the r, m, s, fluctuation

in the cross section, Since the energy interval is small, the contribution

of the energy variation of the nonresonant scattering can be assumed to be

negligible, If one assumes (as is indicated by the data) that the true
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average width of the fluctuations is
equal to or less than 6 keV, the ex-
pected ratio of the r,m,s. fluctu-
N125/6 ~ 4.5 or

larger. The actual r.m, s, devia-

ations would be

tions were 33.3% and 16, 75% so
their ratio is 2,0, In other words,
one would have expected that a
twenty-fold increase in the ex-
perimental resolution width
would have decreased the ob-
served fluctuations by a factor of
4,5, The fact that the fluctu-
ations are only decreased by a
factor of two indicates that in this
case the compound nucleus is not
well represented by the complete
randomness of the statistical
model but that some residual in-

teractions cause clustering of

58 S8l
NI (p,p) NI 90
4 keV TARGET THICKNESS

CROSS SECTION, ARBITRARY UNITS

120 keV TARGET THICKNESS

CROSS SECTION (MB/STER)

| L I L | L
7.0 7.4

7.2
PROTON ENERGY, MeV

Fig. 13. Excitation function at 90o of

the elastic scattering of protons
from Ni58 between incident-pro-
ton energies of 7,0 and 7.5 MeV,
The upper curve was taken with a
target thickness of 4 keV and an
experimental resolution of 6—7
keV. The lower curve was taken
with the same target as the one
used in Fig, 12. It was about
120 keV thick.

strong levels which in turn give rise to gross fluctuations, The lifetime

that would be deduced from the periods of these gross fluctuations is in

fact indicative of the lifetime of a corresponding simple configuration in

nuclear matter, Whether these are simply the single-particle states of

Lane, Thomas, and Wigner or slightly more complicated configurations

is not entirely clear,

Similar results have been obtained at the higher bombarding

energies and also in the fluctuations of the proton-scattering cross section

for Ni80, It is clear that the assumption of complete randomness, which

is basic to the statistical model, is invalid in these cases. It would seem

that experimental data must be treated with great care if the gross
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fluctuations due to the effects of nuclear structure are to be distinguished
from the fine fluctuations of the type discussed by Ericson. Observed
fluctuations of the order of 2 — 3 times the experimental resolution width

may well be of the former rather than the latter kind.

1-55-12 Capture Gamma-Ray Spectra for Neutrons with Energies
From 0 RtoRONeN (51210-01)

SR alboyita nds CrmE R i

CAPTURE GAMMA RAYS FROM Ca44

Two scintillation counters of NaI(Tl) with anticoincidence
annuli of NaI(T1) are used to study the capture gamma rays from Ca%4.
Both counters are buried within a massive shield, Fig. 14, which consists

SCINTILLATION GOUNTER SHIELD of concentric cylinders of paraffin

B,C
Li Co, 4 Naol
iR / 3

N — (6 in. thick), and boron carbide (1 in.

1 PaRAFFIN

STEEL —7

thick), lead (9 in. thick inside a steel

cylinder 1 in. thick), and finally . ach

counter has its own cylindrical shield

PARAFFIN

[

TO ELECTRONICS L

of lithium carbonate. The neutron

AT beam enters a slotted channel perpen-

CARRIAGE
= e = dicular to the axis of the cylinder and
( ) MOTOR < >
N/ . strikes a target in the channel placed

e, 1 BlaciE fow setmslismies on the axis of the cylinder. The slot-
counter. ted channel is lined with boral. Im-
mediately in front of each counter is a lead cylinde r M2 thic kiain de 0N e

in diameter with a hole in the center with a diameter of 1.5 in. Between

the lead and the target is placed a shield of lithium carbonate enriched to
95% LiS . The Lif shield is 1 in. thick.
This system of shielding makes possible the study of

capture gamma rays in materials with very low absorption cross section
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Figure 15 is the spectrum obtained
from a graphite target. The gamma
rays from the C12(n, y)C13 reaction
are seen easily. It should be noted
that the capture cross section in c
15 Smbi

The calcium sample
enriched in Ca%44 was placed in the
beam and observations were made on
the capture gamma rays. Figure 16

shows a singles spectrum of Ca*4.

More than 20 gamma rays are seen.
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Preliminary energy determinations PULSE HEIGHT (Channel Number)
were made by calibrating with Fe(n,vy), T G s maye From
S(n,vy), and H(n,y). An Y88 source carbon target. Data collec-

ted in 16 hours.
was also used.
The 2-D system
was used to study coincidences
of the gamma rays from J“EJ'F"N‘T""\""\"' i s
ey 5 T
Ca45. This system is in V\fi% % ebalcs b
B e T §
effect a 4-channel analy- [ » 2
. ) . 10’ | 9 S 3 oc ¢
zer in coincidence with F N s se 70
g L W8 oo gﬂ Sintieiy .
128 channels. The output § [ v vi;% 3 b e
of one counter is fed to a G o e 2l
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. L Gy = 1
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ded into four windows of PULSE HEIGHT (Channel Number)
any width in the 100-chan- Fig. 16. Spectrum of capture gamma

nel range. Thus we can
select 4 regions of the spec-

trum and search for

rays from Ca%44 . The full energy
range is about 8 MeV.
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coincidences with these 4 regions. Each of these windows gates a bank of
128 channels in a 512-channel analyzer. The pulses from the second
counter are fed into the 512-channel analyzer and are recorded in the
appropriate bank of 128 channels.

Table III lists the gamma rays designated by letter.

TABLE III. Gamma rays observed in the singles
spectrum of Ca45. The letter designations correspond

to Fig. 16.
Designation Energy (MeV) Designation Energy (MeV)
A 0.84 N 545
B OR05 O 4.04
C 1.14 P 4. 26
D 15526 Q 4055
E 1.41 R 4.96
F L, 78 S 5., ille)
G 1.81 T 5550
H B 3570 U 6.04
(%) 2,41 A% 6.48
Ji 2868 W 6.85
K 2,86 X T 21
L 3 L2 Y 1506
M 3,28
Figures 17 — 22 represent a series of spectra in coincidence with sel-

ected y rays. Much more coincidence work is required before a satis-

factory analysis of the decay scheme can be made., A preliminary scheme

is offered in Fig. 23. This is extremely fragmentary. As intensities are

calculated and additional coincidences are studied, additional levels will

be discovered.
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Fig. 17. Spectrum in
coincidence with
peak A of Fig. 16.
The full energy
range is about 8
MeV.

i o8 SS pectrum in
coincidence with
peak F of Fig. 16.
The full energy

range is about 8 MeV.

ELp JERS Spect rumiin
coincidence with
peak H of Fig. 16.
The full energy
range is about 8
MeV.

Fig. 20. Spectrum in
coincidence with
peak T of Fig. 16.
The full energy
range is about 8
MeV.
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as of this date,

Table IV summarizes our knowledge of coincidences

TABLE IV. Summary of coincidence data.
The letter designations correspond to Fig. 16.

Coincidences with A(0.840 MeV)

Coincidences with F(1.73 MeV)

Gamma ray

Al

=

5 W O 0O B W

Energy (MeV)

0. 450
0.840
Aol
15526
1. 30
et
il 75
Gl
Gl
86
12
04
35
- e
29,0

Coincidence with H(2. 17 MeV)

Gamma ray

Al

H O Q @ »

Energy (MeV)
0.450
0. 840
0.950

Gamma ray

At
At
C
Dt
E!

F(acc)

—

S e A S

Energy (MeV)

0.
0.
1%

G S S N S

250
450
14

.30
550l
A T3
<44

(53]
86
04

.96
2510

Coincidence with T(5.50 MeV)

Gamma ray
ALY
Am
AN

Al

Dl

Energy (MeV)

0.
(0
0.
0
OF
i

040
130
25
450
84
30
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TABLE IV. (cont!d)

Coincidence with H(2. 17 MeV) Coincidence with T(5.50 MeV)
Gamma ray Energy (MeV) Gamma ray Energy (MeV)
F i3 E! 1550
G 1.81 F il 73
H 214 G il il

I 2.41
K 2.86
1L S1I2
Coincidence with U(6,04 MeV)
M R Gamma ray Energy (MeV)
M! 3y 10
N 3.43 A 0.45
(¢} 4.04 A 0.840
P 820 D 1. 26
Q 4.35
S Brey il

I-57-1 Mu-Mesonic

X Rays from Atoms with 7 < Z < 30 (51210-01)

G .5 Johnson* and H. L. Anderson, &
BRI inclcsk

Reported by S. Raboy and C. C. Trail

il

S. Raboy,and C. C. Trail

INTRODUC TION

When a muon comes to rest in a stopping material, a

mesonic atom is formed and x rays are emitted as the muon cascades

to the K shell of the atom.

Because the muon mass is about 200 times

the electron mass, the radii of the Bohr orbits are corre spondingly

“Unive rsity of Chicago

TNational Research Council of Canada
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smaller and the energy levels of the mesonic atoms are quite sensitive
to the nuclear charge distribution. Wheelerl first suggested that a
careful measurement of the energies of these mesonic x rays would
give some informatioa about the size of the nuclear charge.

Recent electron-scattering measurements yield a great
deal of information about the nuclear charge distribution. Ford aad
Wi1152 have used the parameters obtained from these scattering experi-
me its to calculate the energies of these transitions and it is interesting
to compare the calculations with energies deduced from x-ray measure-
ments.

Johnson, Hincks, and Anderson3 recently reported some
energies of Kq x rays but their measurements showed a systematic dif-
ference from the values calculated by Ford and Wills.2 The differences
were largest in the iron region of the periodic table.

In order to examine the differences more carefully, the
scintillation spectrometer4 with an anticoincidence annulus of Nal was
used. This instrument and an associated computer progra,m'5 permit
one to obtain the full benefit of the statistical accuracy of the data.

X rays from N, O, F, Mg, Ca, Ti, Ni, Cu, and Zn have
been observed. The data from Mg, Ti, Ni, Cu, and Zn have beea analy-
zed and are reported here. The results from the other elements will be
given in an early report. Data were also obtained with separated isotopes
of Ca%0 and Ca%4 to observe any isotopic shift that might be present.

These data have not been analyzed.

it
J. A. Wheeler, Revs. Modern Phys. 21, 133 (1949).
2
K. W. Ford and J. G. Wills, Nuclear Phys. 35, 295 (1962).

3
C. S. Johnson and E. P. Hincks, and H. L. Anderson, Phys. Rev.
1125 22102 (196 2):

4
C. C. Trail and S. Raboy, Rev. Sci. Instr. 30, 425 (1959).

)

5
R. Julke, J. E. Monahan, S. Raboy, and C. G Rrail A rsionne
National Laboratory topical report ANL -6499 (unpublished).
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2. EXPERIMENTAL ARRANGEMENT AND APPARATUS

The experiment was performed with the 150-MeV/c nega-
tive muon beam from the University of Chicago synchrocyclotron.
A sketch of the apparatus is shown in Fig. 24. In addition

to negative muons, a large number of pions and electrons are in the beam.

PHOTOMULTIPLIER — Fig. 24. Top view of the apparatus.
Counters 1, 2, 3, and 4 are plas-
tic scintillators. C is a water

/ bl
/ Cerenkov counter. Counter 6 is
coé,nz a Nal scintillation specetrorcter
i o and counter 5 is an anticoincidence
L e
- HIE] ﬂ\/ annulus of Nal.
#3,

/‘///

7/ 2 TARGET
/, ,g“ b 4
/ CERENKOV

The beam passes through three scintillation counters (labeled 1, 2, and 3
in Fig. 24), a paraffin moderator, and a Cerenkov counter. The paraffin
absorbs the m mesons and slows down the muons so that they stop in the
targets Miihe Cerenkov counter gives a pulse if the high-energy electron
passes through it and in this way discriminates against these particles.
Counter 4 is used in anticoincidence to indicate that a
meson has stopped in the target and no charged particle has entered the

Nal spectrometer.

If a muon stops in the target, the emitted x rays may be

detected with a Nal scintillation spectrometer. If the x-ray quantum loses

all its energy in counter 6 (a cylinder of Nal 2.4 in. in diameter and 6 in.
long) then the pulse is amlyzed in a multichannel analyzer. If some of the

energy is lost from counter 6 but is detected in a Nal annulus (counter )

then the pulse is discarded electronically. The annulus is 12 in. long and

8 in. in diameter and has a hole 2.5 in. in diameter along its axis.

An event of interest, then, is denoted symbolically as (1,

2, 3, 4, E, _5, 6). Figure 25gives a block diagram of the electronics.
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Fig. 25. Block diagram of the electronics. Abbreviations used in the figure are: O.S., one-shot
univibrator; E.F., emitter follower; A.C., anticoincidence circuit; C, coincidence circuit; é,
Cerenkov counter; D.L.D. , delay-line drive; and ANAL. DRIVE, analyzer drive.
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The scintillation spectrometer was calibrated with gamma
rays of known energies from several different radioactive sources which
were immersed in the target material, The sources were selected so that
the energies of the gamma rays would straddle the energy region of the x
ray being studied. In each case at least two gamma rays were used for
calibration, but usually more than two were usieds

The experimental procedure was to calibrate the spectro-
meter with the meson beam on target. Then the spectrometer was gated
with those events corresponding to a meson stopping in the target and the
x rays were observed. After this "data run'' a t'calibration run'' was re-
peated. At least three data runs were made for each target. A typical
data run lasted one hour and a typical calibration run lasted fifteen minutes.

By keeping the calibration sources in the target material,
the counting rates were maintained fairly constant in the circuits before
the coincidence circuits. This minimized gain shifts resulting from

variations in the counting rates.

3. EXPERIMENTAL DATA

Typical spectra from the target studied and from the

calibration runs are shown in Figs. 26 to Fig. 39.

20

T I T Figure 26 shows a

141 _ 207
Ce ,Bi

)
o
e
<

spectrum from a Ce 141 source and

a Bi2%7 source. The three peaks

° oo
o o Jo80
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|

Pr and Pb and the 145.6-keV gamma
P'I4I
(2506 keV. —-| ray from a transition in Pr. These
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i E
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Fig. 28.
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spectrum from a
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spectrum from a tef-
lon target (CF,).
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from Cel4l, CrS1,
and Na22, This set
of data is a calibra-
tion for the Mg x-ray
measurements.

oS 2
spectrum from a
Mg target.

The x-ray
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from these targets are shown in Fig. 27 and 28. In addition to the lines
of interest in these figures,there are also x rays which we attribute to
carbon and oxygen in the various counters and their packaging and to the
nitrogen in the air.

Figure 29 gives a calibration run made with the Bi207 and
Cel4l sources shown in Fig. 26 and Cr51 which gives a 323-keV gamma
ray. This calibration was used to measure the energy of the fluorine x
rays. The spectrum from teflon (CFz) is shown in Fig. 30.

Figures 31 and 32 show a calibration run and a data run
for Mg. The calibration was made with the 140-keV gamma ray from
Cel4l, the 323-keV gamma ray from CrS1, and the 511-keV annihila-
tion radiation from Na22, Figure 32 gives the data run from Mg.

The spectrometer was calibrated with the 898.4- and
1836-keV lines from Y88 and the 570.8- and 1063. 9-keV lines from
Bi207 for the measurement on Ti, These spectra are shown in Figs.

33 and 34.

Figures 35 and 36 show a calibration and a data run for
a nickel target, The calibration sources are Y88 and Bi 207,

Figure 37 gives the calibration and x-ray data from the
zinc measurements. Again the calibration sources are Y88 and Bi=207 .

It is interesting to note that in the x-ray spectra from the
targets with higher Z, some other x-ray transitions are evident. In the
spectra from nickel and zinc, the Kﬁ’ Koo’ and the L series of transi-
tions are evident.

Figure 38 shows the x-ray spectrum from two isotopes
of calcium. These data represent twelve 5-min runs. The targets were
switched after each run and a separate bank of 200 channels was used
to store the data from each target. The purpose of this was to measure
an isotopic shift in the K(1 transition energy. The amount of the shift is
expected to be about 2 keV in 900 keV. The spectrometer was calibrated

with Y88 and Bi2%7 sources.
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4. RESULTS

The data from the calibration runs and data runs were
5
analyzed in a manner described previously. Briefly, each photopeak

is fitted with a Gaussian function of the form

2

(xj = @)

o)) = 0y === 7 &0 (1)
J ag
where f(o.,xj) is the number of counts in channel Xj, a, is the amplitude
of the Gaussian, a its position, a_ its width, and a, any constant back-
ground which may be present.

These fits are made on the ANL computer GEORGE and the
best fit is determined by a chi-squared minimization calculation.

The normal procedure for the calibration runs is to fit the
highest energy photopeak, subtract out its influence on a lower energy
peak (by using a spectrum from each source alone) and then fit the next
highest peak, etc.

The data runs are analyzed in a similar fashion, and the
backgrounds are obtained from targets whose x rays are of much lower
energies than those from the target being analyzed.

Table V gives a summary of these fits for a typical cali-
bration run and for a fit to the data run. The table lists the parameters
of the Gaussian, their associated uncertainties, and the calculated and
expected values of X°. (The expected value of YA N = A = 1, where
N is the number of points used in the fit and 4 is the number of para-
meters.) In each case, the uncertainties associated with the para-
meters have been adjusted for the differences between the expected

and calculated values of xZ.

It was assumed that a linear relationship of the form

13 = & @ G o) (2)



TABLE V., The parametersof Eq, (1), determined by minimizing x2. These
results are for a calibration run and for a data run for the copper measurements,

T -Lgal

Energy of Peak height Mean of Gaus - Sta.ndflrd Residual =
garrz;neav;ray a, (counts) sian a2(channels) :ev(lca}tl;onr;els) b:.cl(((:g;sttltrj This il Exreninl
3 4 culation value
1836, 2 5456 + 58 777 b sketiae (0] (01s)e 5,500, 08 Sil5 e B 24 15
1063.9 14106 + 67 1055852 251 805015 4 IS EER0M0S 630+ 60 6 if il
898.7 13600 + 144 (ST S10e) e (0] (0200 3.86 + 0.06 a5 45 13 9
570.8 44631 + 358 55,858 + 0,015 3,07+ 0,03 2289 + 268 29 7
CuK(1 OFCEE ST 147.52 + 0,21 4,50 + 0.46 22 L6 11 12

1574
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describes the spectrometer's response to gamma rays. In Eq. (2), E
is the energy of a gamma ray, a, is its mean pulse height determined
from Eq. (1), and a and b are parameters to be determined. The peak
positions from a calibration run are used to make a least-squares fit

to Eq. (2). Again a value of 2 is computed and compared with the ex~
pected value. The uncertainties associated with the parameters a and b
are adjusted accordingly.

Table VI lists a typical fit to Eq. (2).

TABLE VI. The parameters of the relation

E = a + ba, for the calibration run for copper shown

in Table VII.

Standard y-ray Mean position of Parameters of calibration
energy E (keV) peak, a, relation

a b

(keV) (keV/channel) 2

13818, 24 LT 177. 134 + 0.034
102255 %) a5 (00 2 (055 53 =e (0 (0t -11.34 £ 1.69 025 s @ 47 B
8987 0.8 87.399 £ 0.020
5705881005 5521858 -=R0015

Some of the K(1 energies have been determined and are

listed in Table VII. The errors are a combination of random and

TABLE VII. Summary of results,

Target

x-ray Energy (keV)
Mg K 300.2 + 0.6
TiK, 939.0 + 1.5
Ni K 1436.9 + 2.1
Cuk, 1525.2+ 5,4

ZnK HeOT % ae il 3
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systematic errors. It must be emphasized that these results are pre-
liminary. When all the calculations are compiled, final results will be
presented along with a comparison with other measurements and theo-
retical calculations. In general our results seem higher than theory
prer:licts.2

Finally, a study was made to see if any gamma rays are
emitted as the muon is captured by the nucleus and the energy is released
by some form of nuclear breakup. This process is studied by observing
those gamma rays emitted 120 nsec after the muon comes to rest in the
target. We show this spectrum from copper in Fig. 39. Of the nuclei
studied, only this one exhibited these capture gamma rays. The peak

near channel 200 is tentatively identified as a gamma ray in Ni62 at 1.1

MeV.

45
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II. MASS SPECTROSC OPY

11-26-1 Ionization by Ions in the MeV Range (51300-01)

S. Wexler and D. C. Hess
Reported by S. Wexler

A. INTRODUCTION

Investigation of the properties of the interactions (e.g.,
charge exchange and ionization) of massive ionic projectiles with gases
has mainly been confined to energies in the rauge below 200 keV.l
Most of the studies with projectiles of kilovolt energy have involved
measurement of cross sections for various reactions. But a Russian
group2 has employed a mass spectrometer to analyze the charge dis-
tributions of slow interaction products. Only three determinations of

a molecular fragmentation pattern, all for H by impact of protons

2)
<)
and hydrogen atoms with energies of 10 — 180 keV have been reported.

Measurements of the cross sections for ionization of several gases by
+ 4 . I q .
protons and He have been published for impinging particles with ener-

4
gies up to 1.1 MeV. But there have been no mass spectrometric

i
See the review of J. B. Hasted, Advances in Electronics and

Electron Physics 13, 31 (1960).

2N. V. Fedorenko, V. V., Afrosimov, R. N. II{n, and E, S. Solov'ev,
Proceedings of the 4th International Conference on Ionization Phenomena
in Gases, edited by N. R. Nilsson (North-Holland Publishing Co.,
Amsterdam, 1960), Vol. I, p. 47.

3N. V. Fedorenko, R. N. II;n, and E. S. Solov'ev, Proceedings of
the 5th International Conference on Ionization Phenomena in Gases, edited
by H. Maecker, (North-Holland Publishing Co., Amsterdam, 1962), Vol.
(NN 00 SIS BN Keenes S PLil SISV 2o R 0 369 (1949); V. V. Afrosimov,
R. N. Ilin, and N. V. Fedorenko, JETP 34, 968 (1958).

4
J. W. Hooper, E. W. McDaniel, D. W. Martin, and D. S. Harmer,

Bhiys, Bev. 421, 1123 (1961); ibid. 125, 2000 (1962); R. A. Langley,
Annual Summary Report No. 10, March 1, 1962 (Georgia Institute of
Technology Engineering Experiment Station, Atlanta).
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analyses of the slow ions resulting from impact of a beam of MeV ions
with isolated atoms and molecules.l5

Apart from the fact that the results would in themselves
be of fundamental interest, there are other reasons for entering the vir-
tually untouched field in which massive projectile ions with energies in
the MeV region interact with isolated molecules. Firstly, in controlled
thermonuclear devices, the nuclear reactions D(d, n)He® and D(d, p)T
followed by D(t,n)He4 and D(He3, p)He4 may be utilized. The protons,
tritons, and singly-charged He3® are produced in these reactions with
kinetic energies of up to a few MeV. Consequently, particularly in pulsed
machines, their extranuclear interactions with D, and impurity gases in
incompletely ionized plasmas may be of interest in understanding the be-
havior of these plasmas.6 Again, such studies have a direct bearing on
the effects of atomic and molecular structure on the stopping power of
gases and other aspects of penetration phenomena. i A specific example
is the details of energy transfer and molecular disruption in the slowing

down of energetic recoils from nuclear reactions, e.g., tritium from

5

C. E. Melton and P. S. Rudolph [J. Chem. Phys. 30, 847 (1959)]
have ionized acetylene with the radiation of a Po2% alpha source in the
source chamber of a mass spectrometer.

6R. F. Post, Revs. Modern Phys. 28, 338 (1956); K. Bockasten, R.
el a ST N e 2/ S H'o'gberg, NGB, Nilsson, S. Svennerstedt and
K. Vogel, "Controlled Thermonuclear Fusion Research, ! International
Atomic Energy Agency Review Series, No. 17 (1961). See also the ex-
tensive bibliography on plasmas and other work related to controlled
thermonuclear research in "Atomic and Molecular Collision Cross Sec-

tions of Interest in Controlled Thermonuclear Research, ORNL-3113
(May 15, 1961).

=

R. L. Platzman, Int. J. Appl. Radiation and Isotopes 10, 116 (1961);
H. A. Bethe and J. Ashkin, Experimental Nuclear Physics, edited by E.
Segre, (John Wiley and Sons, Inc., New York, 195 5)RVio 1S W h 68
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Hea(n,p)T.,B Also, experiments in this range of projectile energies
make possible a test of a consequence of the Born approximation,
namely, that the fragmentation pattern when a molecule is ionized and
excited by a massive ion is the same as for electron impact if the
velocities are the same and are sufficiently high. : Melton and Rudolph5
have reported that C_H,, irradiated by a Po208 alpha source placed
in the source chamber of their mass spectrometer, breaks down into
a very simple ionic mass pattern. Only the parent C2H2+ (relative
abundance = 100) and the fragment ion CZH+ (R.A. = 7.,7) were observed.
This is an unexpected result because the fragmentation pattern of acety-
lene bombarded by electrons of the same velocity as the a particles is
much more extensive and is not much different from that arising from
impingement of 70-eV electrons. . Consequently, it is considered of
interest to study the fragmentation of Csz (as well as other molecules)
by impingement of massive particles with energies in the MeV range.
Finally, the interactions of helium ions and protons with rarefied air
has a bearing on understanding the origin of the aurora borealis and
other upper-atmospheric phenomena. o

As the initial study of a program to investigate the ioni-
zation of isolated molecules by swiftly-moving ions with energies in the
range from a few hundred keV to a few MeV, we have bombarded several

of the rare gases and lower hydrocarbons with protons coming from the

8
R. J. Cross, Jr. and R. Wolfgang, J. Chem. Phys. 35, 2002 (1961);
P. J. Estrup and R. Wolfgang, J. Am. Chem. Soc. 82, 2665 (1960).

9

H. Bethe, Ann. Phys. 5, 325 (1930); N. F. Mottand H. S. W.
Massey, The Theory of Atomic Collisions (Oxford University Press,
London, 1949), pp. 247, 271; P. Kebarle and E. W. Godbole, J. Chem.

Phys. 36, 302 (1962).

I

0

H. E. Stanton and J. E. Monahan, J. Chem. Phys. 37, 2654 (1962);
P. Kebarle and E. W. Godbole, ibid. 36, (1962); C. E. Melton, ibid.
37, 562 (1962).

11
A. B. Meinel, Astrophys. J. 113, 50 (1951); C. V. Fan and A. B
Meinel, ibid. 118, 205 (1953).
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Van de Graaff electrostatic generator with energies of 0.80 — 3. 75 MeV.
A specially-designed portable mass spectrometer was constructed on a
frame provided wita casters and jacks so that it can readily be moved into
position and aligned with the beam of high-energy ions. The source sec-

tion of the apparatus is sketched in Fig. 40. The energy-analyzed beam

l :‘Q‘W@E

|
‘ GAS INLET
i
\
i
‘

REPELLER

i
HERIERE ‘ APERTURE
|

‘ FARADAY CUP
&3 & > s VIEWER
'%OﬁN{TBETM ] g o =1/ EEIE
" Ta COVERED PLUG

SOURCE v |7 MASS SPECTROMETER
SLIT Z DEFINING SLIT

MASS SPECTROMETER
TUBE

Fig. 40. Source assembly of the mass spectrometer for study of im-
pact phenomena of protons and molecules with energies in the MeV
range.

of protons is collimated by two slits 1.25 mm square and passes through
two apertures % in. in diam. and a large aperture in a cold diaphragm at
liquid N, temperature before passing through the target gas on a path
midway between the repeller plate and the exit slit of the source chamber.
The beam finally is monitored in a deep Faraday cup, in which it is stop-
ped by a tantalum-coated plug. The slow positive ions are extracted at
900 to the direction of the proton beam, focused and accelerated by a Nier-

type focusing system, analyzed by a 90°-sector magnetic field of 9-in.
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radius, and detected by a plate surrounded by guard rings and an electron-
suppressor electrode. The proton beam was about 3.0 pA; and the cur-
rent of slow ions, measured with a vibrating-reed electrometer, varied
between 5 X 10-14 and 1 X 1071 amp. The source chamber and focusing
system were held at or near 5500 V relative to the grounded spectrometer
tube. The gas pressure in the source was 3 —6 X 10-4 mm which, as
attested by the linear pressure dependence of the intensities of the charge

states of Ne (Fig. 41), is sufficiently 1000

T I I T
low to ensure that a proton will in-
900 =
teract only once with the gas. Dif-
ferential pumping reduced the €00 |
pressures in the other compart- > 700 -
ments of the spectrometer to less g 600 2|
Ehant5 X I0FC mm. E
£ 500 -
A careful measure- 2 Ne™
< L s
-~ Lo + —
ment of the secondary-electron r <y Ne
%]
currents to the repeller plate and 5 300 =
E Ne+3
to the source chamber showed - 200 |
that the respective ratios of sec-
100— =
ondary electrons to primary pro-
| | | | | |
tons were 0.00040 and 0. 00055 % 10 20 30 20 50 60
-4
under the conditions of the ex- B
eriment. Fig. 41. Intensities of ionic
P g
species as a function of the
B. RESULTS pressure of Ne in the source
chamber of the mass spec-
The slow product trometer.

species from impact of protons

with the rare gases consist of ions in various charge states. From each

intensity distribution one may determine the partial cross section for

production of each charge state provided the total ionization cross sec-

tion for the rare gas is known. This determination is based on the fact
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that, as may readily be shown, the total and partial cross sections are

related by

I

n

i

= —_ O A

a ZI n total
n

where o is the cross section for formation of the ionic species of charge
n

state +n, I /Z 1 is the fractional intensity of the species, and o, is
$en n totfl

the total ionization cross section for the target gas. Hooper et al.” have

determined such reaction probabilities for the ionization of He, Ne, and

Ar by impact of protons with energies of 0.15 — 1.1 MeV. They find

that, as predicted by the Born approximation, the total cross section de-

pends on the proton energy through the relation

A
= — log BE 2
%total E o8 p’ =t
P
where i is the total ionization cross section, A and B are constants
of the particular atom, and Ep the proton energy. Both the data

9,12
of Hooper and theoretical arguments indicate that Eq. (2) is valid

above 1.1 MeV. We have used our data on n and fractional intensities
In/ZIn in combination with Eqs. (1) and (2) to compute the partial

cross section for formation of each charge state of several of the rare
gases. They are plotted in Figs. 42 through 44. Included in each fig-

13
ure are curves representing the data of Fedorenko et al. for the

1

2
D. R. Bates and G. Griffing, Proc, Phys. Soc. (London) A66,
961 (1953); R. A. Mapleton, Phys. Rev. 109, 1166 (1958).

W /g JFEelerazials, Vo Wo Alivesiaaen, 18, N, Tl sl 1T, S
Solov'ev, Proceedings of the 4th International Conference on Ioniza-
tion Phenomena in Gases, edited by N. R. Nilsson (North-Holland
Publishing Co., Amsterdam, 1960), Vol. I, p. 47.
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Fig. 42. Ionization cross sections Fig. 43. Ionization cross sec-
for formation of Hetl and He'2 tions for formation of Ne™®

by proton impact. The data points Net2, and Net3.
represent the results of this study

in the energy region from 1.00 to

3.50 MeV. The curves in the

range from 5 to 180 keV are taken

from Fedorenko _eia_l. (reference

L&)
range of proton energies extending from 5 to 180 keV. Although a large

gap still remains to be explored between the two sets of data, the results

are reasonably concordant. The treatment of the data described above

could not be extended to krypton because its total ionization cross sections

have not been measured in this energy region. Accordingly, the fractional

intensity of each charge state observed for Kr is tabulated as a function of
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proton energy in Table VIII. The
average precision of the results for
krypton as well as for the other gases
was about 10%. In order to complete
the study, we plan measurements on
xenon for our next period of use of
the Van de Graaff generator.

There is considerable
interest in the fragmentation of mole-
cules by impact of massive projectiles
with energies in the MeV region, be-
cause a consequence of the Born ap-
proximation states that the fragmen-
tation pattern of a molecule ionized
and excited by a massive ion is the
same as for electron impact if the
velocities are the same and are suf-
ficiently high. o As a beginning
of an experiment to test the validity
of this deduction from the Born ap-

proximation, we have bombarded

several molecules with 2.25-MeV protons. As an example, the fragmen-

tation spectrum observed for acetylene appears in Table IX. This pattern

as well as those for the other molecules will be compared with correspond-

ing ones found on electron impact under similar experimental conditions.
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TABLE VIII. Fractional intensities of charge
states of krypton as a function of proton energy.
Proton Charge state
energy
(MeV) Krt1 Krt2 Krta Krt4 Krt5
150 O 7 (0) 21 L3 0.10 0.032 0.011
2.00 0.63 015 0. 16 0. 048 0.015
2,50 0.69 0. 14 0.12 0.036 0.012
3.00 0.74 0.12 0.10 0.028 0.009
S350 0.74 0.13 0.09 0.028 0.010

TABLE IX. Fragmentation pattern of C,H,

under impact by 2. 25-MeV protons.

/ Relative
s intensity

26 100

25 SR8
24 ERIGIEERO N
13 4.7+0.4
12 2ACRENORZ

215)
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11-40-11 Fragmentation of Hydrocarbons (51300-01)

H. E. Stanton and J. E. Monahan

AN ANALYSIS OF THE ENERGY DISTRIBUTION
OF IONIC FRAGMENTS

Recent measurementsl of the mass spectra resulting
from high-energy electron impact on some hydrocarbon molecules are
consistent with the assumption that some of the different types of ionic
fragments are produced by the independent decay of the parent ion
through at least two groups of noninteracting electronic states. The
associated energy and the mechanism of the decay of each group of
such states is expected to be different from the others. A quantitative
measurement of the energy distribution of the ionic fragments may pro-
vide a definitive test of these assumptions.

Previous analyse52 of measured energy distributions
have not been satisfactory because of the cumbersome numerical cal-
culations which were necessary in order to correct for the effects of
finite slit widths, electron-beam divergence, and the inhomogeneous
electric field in the ion chamber of the measuring apparatus. This
note describes a method of analysis which is considerably simpler and
potentially more accurate than that used previously.

Figure 45 is a sketch of the chamber where ions are
formed in the mass spectrometer MA-17. The dotted lines indicate
equipotential lines of an electric field of the type existing within the
ion source. This field is necessary in order to focus an ion beam of

usable intensity out of the chamber and through the energy analyzer,

1
J. E. Monahan and H. E. Stanton, J. Chem. Phys. 37, 2654 (1962).

2
H. E. Stanton and J. E. Monahan, Physics Division Summary Re~
port, ANL-6326 (March 1961), p. 55.

II1-40-11
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Fig. 45, A sketch of the ion cham-
ber, showing the direction of
incidence of the electron beam
and the direction of emergence
of the ion beam. The dotted
lines indicate equipotential
lines of a typical drawing-out
field.

ELECTRONS
———————

However, the drawing-out field causes some defocusing of the incident
electron beam and, since ions are formed at different potentials, the
measured distribution of the energy of formation is distorted by these
spatial effects.

In the experimental arrangement described above, the
measured yield Y(E) of a particular ionic fragment as a function of its

kinetic energy is given by the equation

E+b €
Y(E)=A [ de [ dyg(y) Tle-y), (1)
STl

where g(y) dy is the probability that the ion is formed in the region in
which the electric potential is between y and y+dy, T(z)dz is the prob-
ability that at the instant of formation the ion has kinetic energy between
z and z+dz, 2b is the energy equivalent of the slit widths of the energy
analyzer, and A is the integrated intensity of the ion that is being analyzed.
The energy E is equal to the measured kinetic energy of
the fragment if the potential y is assigned the value zero at the entrance
slits of the energy analyzer. For this choice of zero potential, no ions
are formed in the spatial volume associated with small values of y. In
particular, no ions are formed for values of y less than the energy equi-

valent of the slit openings of the analyzer so that

g(y) =0 for y < b. (2)

il



58

II-40-11

~

With this condition on the function g(y), the Laplace transform Y(s)

of the yield Y(E) defined by Eq. (1) becomes

T (a)= Ale™P- e Py R sl W), (3)
where g(s) and T(s) are the transforms of g(y) and T(z), respectively.
Ideally the distribution g(y), and consequently its transform E(s), de -
pends only on the target gas and the drawing-out field and not on the
particular ionic fragment observed. Thus if ?p(s) denotes the trans-
form of the yield of some standard fragment for which the corresponding
distribution T (s) is known, then from Eq. (3) the ratio of the transform
of the yield ofpthe measured fragment to that of the standard can be

solved to give

Tis) =a T(s) T () [& ?p(s)]. (4)

All references to distortions caused by finite slit widths, inhomogeneous
electric fields, and other perturbations have been eliminated by taking
the ratio leading to Eq. (4) and the inverse transform of this equation re-
presents the formal solution for the distribution of formation energy for
the given ionic fragment.

If the yield distribution of the parent ion is taken as the
standard, there is no kinetic energy due to fragmentation and the ene rgy
distribution is simply that of the thermal motion of the molecules of the

target gas at the *"temperature" @ of the ion source, i.e

=3

Tp(z) = 2z1/2 e-z/®/q/‘n'®3 ) (5)
and

~

TP(S) = (@ (S ar 1)"3/2_ (6)
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In order to avoid the numerical evaluation of the contour
integral that gives T(z) in terms of the right-hand side of Eq. (4), the
transform ”f(s) can be obtained for any reasonable function T(z) and the
parameters of the distribution evaluated directly by means of Eq. (4).
For example, for fragmentation processes that result from a quasi-
thermal excitation of the molecular ion (as postulated in the statistical
theory of mass spectras) it seems reasonable to assume that the distribu-
tion of fragmentation energy can be approximated by the Maxwell energy
distribution for particles evaporated from a surface at "temperature" B.
The distribution T(z) is obtained by "adding" the fragmentation energy
and the energy associated with the thermal motion of the target gas,

.84

w2 R (z-x)
Tl=) = oy Ofdxxl/z (z-x) exp [é zp"]. (7)

The transform of this distribution is

~

T(s) = (@s + 1)"2/2 (Bs + 1)72. (8)

Substitution of Eqs. (8) and (6) into Eq. (4) gives

A (psfi)z = ~Y(S)- (9)
P Yp(s)

Thus the *measured! ratio ?(s)/?p(s) has a second-order pole at

s = p~1 and the "temperature® B which completely characterizes the

3H. M. Rosenstock, M. B. Wallenstein, A. L. Wahrhaftig, and H.
Eyring, Proc. Natl. Acad. Sci. US 38, 667 (1952).
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distribution (7) can be determined directly from Eq. (9).

A second distribution which is of considerable interest
is that which would apply if the fragmentation process starts from a
repulsive electronic state in the parent molecular ion. In this case

2
the distribution of the fragmentation energies becomes

T(z) = C e %% sinh (¢ 4z ), (10)
where
C =exp [-m'Q/ (M@ )] /] Tm'm@®Q /M2
a= M/(m®),
and

£ =2/ Mm'Q/m2®2 .

Here Q is the energy released in a fragmentation process in which a
parent ion of mass M decays into a fragment ion of mass m and a

neutral fragment of mass m'. The tranform of the distribution (10) is

T(s) =a/m C(s + a)-3/2 exp[5¢2(s+a)-1], (11)

and the value of Q that characterizes this distribution can be obtained

from Eq. (4) which here takes the form
= /2
2 ®s + ) ~ m'sQ Y(s)
<M®S+M exp ooy (12)

The critical calculation in this analysis is the accurate
evaluation of the ratio Y(s)/Yp(s) for a range of values of s sufficient

for the determination of the parameters that characterize the distribution
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function T(z). Since this ratio is defined in terms of measured

quantities Y(e) and Yp(e), LI

)

i fde e Y ()

Y(s) _ 0O

? (s) i 00d£ e_s€ = (e) 1 (13)
et ] p

these transforms must be evaluated by numerical integration, This
implies that the transforms must be approximated by integrals with
finite upper limits. For s > 0 the error introduced by this approxima-
tion is of the order (c + 1)e"C where c is the ratio of the upper limit
of the approximation integrals to the "temperature' of the fragment
ion being considered. It is usually possible to measure the yield Y(e)
for values of e such thatc = 5.

A second point concerning the "measurement? of the
ratio (13) should be mentioned. It is necessary that the yields Y (e)
and Y (¢) be measured relative to the same zero value for ¢ . If in
the tirl'r)le inteval between the measurement of these yields the energy
analyzer has drifted by an amount &e , then the calculated value of
'?(s)/?[' (s) is e’ e times the true value. Such drifts must be taken
into aczount analytically in order to obtain reliable values for the

parameters of the distribution T(z) from this method of analysis.






V-1-2 63

V. THEORETICAL PHYSICS, GENERAL

v-1-2, Deformation Energy of a Charged Liquid Drop (51210-01)

S. Cohen and W, J. Swia.tecki;:<

Reported by S. Cohen

The uniformly charged liquid drop has been used as a model
for the calculation of many of the properties of nuclei., The application of
this model to the process of nuclear fission has led to some understanding
of qualitative features of the process but quantitative calculations have not
been carried out for parameters corresponding to those of real nuclei. In
the present study, results have been obtained which bear directly on the ex-
perimentally observed fission of nuclei. The results presented here were
obtained by numerical techniques making use of an IBM-7090 computer.

For our model we consider a liquid drop with an electric
charge distributed uniformly throughout its volume. In this idealization
the total potential energy of the drop consists of two parts, the electrostatic
energy Ec and the surface energy ES due to the surface tension of the liquid.
A dimensionless parameter, the fissionability parameter x, is used to char-
acterize a given drop. This parameter can be considered as a measure of
the charge on the drop. The parameter x for a drop of any shape is defined

as equal to the quotient (EC/ZES) for a spherical liquid drop with the

sphere
same charge, volume, and surface tension as the drop under consideration.
Nuclei which fission have values of x which range between 0.6 and 0. 8.

We have restricted our calculations to shapes which are
axially symmetric. The saddle-point shapes are further restricted to sym-
metry about a plane perpendicular to this axis; but small asymmetric dis-

tortions about this plane were considered in the investigations of the

stabilities of the saddle-point shapes.

* . .
FLawrence Radiation Laboratory, University of California, Berkeley.



In order to understand the significance of the saddle point in
the potential-energy surface, it is perhaps best to consider the basic quan-
titative aspects of the problem. The sphere is always a shape of equilibrium
for a charged liquid drop. For x less than 1.0 the sphere is a stable shape
of equilibrium. For x larger than 1,0 it is an unstable shape of equilibrium,

As a gross approximation to the shape at the time of scission,
i.e., at the instant of breaking apart in the fission process, let us consider
two equal spheres in contact, the total volume and charge of these spheres
being equal to the volume and charge of the original sphere. For x > 0.34
this configuration has a lower total energy than that of the single sphere,
For 0.34 < x < 1.0, therefore, the process is exothermic but not spontane-
ous since the spherical shape is itself stable. The particular value x = 0, 34
is of course not the correct value since the simple configuration given is not
one which is likely to occur in the fission process. The actual shape at
scission depends on the dynamics of the problem and would be quite difficult
to ascertain. Nevertheless for some value of x in this neighborhood the fis-
sion process does become exothermic. The excitation energy required for
fission of the sphere is a problem of interest in this study.

In the configuration space describing the shapes of drops,
consider now all possible paths that lead from one sphere to the unknown
scission shape. The potential energy along this path must first rise
(since the sphere is stable) but must eventually end up at a value below the
initial value (since the process is exothermic). Consider now the maxi-
mum potential energy reached on this path. Every path must have such a
maximum but the value depends upon the particular path followed. For
some paths this maximum value is the smallest possible value. This least
maximum is the least kinetic energy that the initial system must have in
order to pass the potential barrier around the stable spherical shape. The

configuration-space point corresponding to this least maximum is a saddle

point in the potential-energy surface. If this saddle point is a maximum in
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only one direction, the value of the potential energy (relative to the
sphere) at this point corresponds to the threshold energy for the fission
process.

A simple example of the argument above is that of deter-
mining a path across a mountain range. The optimum paths are those
that have the lowest maximum altitude along the path, Many such paths
exist. The point in common for these paths is the saddle point in some
mountain pass whose altitude, if you like, corresponds to the threshold
excitation energy a mountaineer must have to cross the mountain,

We have located the saddle points in the potential-energy
surface for values of the parameter x between 0.3 and 1.0, The shapes

of the liquid drops at typical saddle points are shown in Fig. 46.

0.25

Zies Fig. 47. The relative distortion

energy ¢ for saddle-point shapes,
as a function of x, The numbers

in parentheses indicate the degree
of instability. Threshold energies
correspond to the label (1). The
transition from an almost linear
dependence on x to an almost cubic
dependence on (1 -x) occurs close
to x = 0.67. The small circles
connected by a thin line correspond
to the energy of two equal spher-
oids whose tips are held at a con-
stant separation. The limiting
behavior of £ at small values of x
is indicated in the upper left-hand
corner. The significance of x
is shown in Fig, 49,
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In Fig. 47 the energy of these saddle points is given as a

function of x.

a sphere of unit volume.

The energy is measured in units of the surface energy of

In addition to locating the saddle points, we investigated

the potential-energy surface in the neighboring region.

This was done

for both symmetric and asymmetric configurational displacements from

the saddle point.

The results are most conveniently displayed by given

second derivatives of the potential in directions of the usual normal-

mode representation., Figure 48
shows the second derivatives c in
the lowest two modes for symmetric
distortion. The negative value of
ch indicates that this mode corre-
sponds to the direction of descent
away from the saddle point. Its
value is an indication of the rapidity
of the change in the slope near the
saddle point, Similarly the positive
values of c, indicate that this mode
is in the direction of increasing
energy.

Figure 49 is a
similar plot for the lowest two
asymmetric distortions. In

particular, c, corresponds to a

il
center -of-mass movement (an
asymmetric displacement about
the plane of symmetry) and should

have a true value of 0.0,

0. 5] T T T T T T T T T
0.10f
0.05[
o
C2
0.051
-o10F
i el o Ee o ol R
o 0.5 1.0
—
Fig. 48. The stiffnesses c_andc,,

corresponding to symmetric dis-
tortions, as functions of x. (Note
that ¢ is plotted on a scale re-
duced by 10,) The slight scatter
of the points reflects inaccuracies
in the numerical procedures which
are beginning to show up in the
second derivatives c -

The errors of our approximate results are

therefore indicated in part by this discrepancy. Note that c is negative

67
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Fig. 49. The stiffnesses c, and Fig. 50. The reciprocal of the
c i corresponding to asymme- effective moment of inertia
tric distortions, as functions of :feff’ as function of x.

x, Note the complicated behav-
ior of c and the critical point
X where c, changes sign.

BG’
for x < 0.39. This indicates that the saddle-point shape for this region
has two degrees of instability, one symmetric and one asymmetric.
The saddle point does not therefore correspond to a threshold energy for
the fission process.

The rather rapid transition of properties in the neighbor -
hood of x = 0. 67 is of interest since this in fact is the region correspond-
ing to fissionable nuclei. In particular, an experimentally measurable
quantity, the effective moment of inertia of the saddle-point shape
(Fig. 50) is shown to be rather sensitive to the particular value of x
chosen, This indicates that extrapolations in the region around x = 0. 67

must be done with care.
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V=i = Resonance Theory of Nuclear Reactions Without
Boundary Conditions (51210-01)

Alvin M. Saperstein

The usual attempts to derive a resonance theory for reac-
tions of the type b + B = c + C usually require the separation of space
into an inner and outer region, the solution of the Schrodinger equation
in the inner region with unphysical boundary conditions, and the matching
of the external solutions to the "quasi-bound-state'' inner solutions at
some fixed channel radius. - I have tried to avoid this approach by using
the LLSZ formalism to derive a Low-type equation from which the reso-
nances may be obtained without any explicit use of a Schrodinger equation,
boundary conditions, or separations of the configuration space.

If spin, isotopic spin, and Coulomb effects are neglected,
the Lth component of the transition matrix can be written
© pﬁ(E', L) dE'

il
= 1T, I —
T (E L) =S (B L)+ nf

2 S =l

where T .. is the boundary value of a real analytic function in the complex
i
E plane cut along the positive real axis, S is a smooth "source function"

(a generalized Born term), and

(E,L)= Im T_(E, L) = b p_(E,L) T, (E,L) T .(E,L).

n

P

Here ; (E,L) *~NE - E_for E > E and is zero otherwise; and En
n n n
represents the threshold energies for the allowed intermediate states.

We write

ISee, for example, J. Humblet and L. Rosenfeld, Nuclear Phys. 2_63,
529 (1961), and references therein.
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R

6(E-E )-6(E-E B

e ||
paﬁ % nzli L n+1
where paﬁn can now be defined by analytic continuation for all E. The

analytic continuation is obtained by noting that

1ol ( ; @ ']
Pyi (E +ie) = 521 pﬁ(E'Fls) Tuﬁ( +ie) |, Bl( +ie) 'rrp‘31 ( +1€)J
so that, by Kramer's rule, pﬁin(E) = Aﬁin(E)/Ain(E), where
anl
Ai (E) = }5‘1‘3 + anB(E) Taﬁ(E)I.

Defining pB(E) o IEE Eﬁ to have a cut along the real E axis from —Eﬁ
to + E_, we see that pn(E) is now a real, meromorphic function in the E

p

plane cut from -E_to +E and from +E
n n n+i

to + . The poles of pﬁin
come at the zeroes of Ain(E) which are placed symmetrically with respect
to the real E axis. We see that Pap is a continuous function of E along the
real axis but dp/dE may not exist at En because of the pn(E) appearing
in A(E). This gives rise to the well-known cusps in the scattering ampli-
tude at the threshold energies for new reaction channels. In the neigh-

borhood of a single low-energy isolated pole of An(E) e Y = @ eE alr
m m

we obtain the Breit-Wigner type resonance formula

1/4
2= ¢
n(E) = - 0 = sin(y .+ ) - cos( + )|
Pap PoPp r_ B0 " Xa0 Xgo " Xa0 J
r 1/2 o /e
am fm
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where

—
mn
1l
a

0
o
1l
O

i d
=27 iE [po(E) TOO(E)]E e
m

At present, this work is being continued in the hope of clari-
fying the relation between the above generalized resonance theory and the

2
formulation of direct interactions as found in a recent preprint.

2
A, M. Saperstein, Calculation of Deuteron Stripping Amplitudes
Using S-Matrix Reduction Techniques (to be published).

V-33-5, The Supercurrent State (formerly "Flux Quantization

and Time-Reversal Degeneracy') (51300-01)

Murray Peshkin

1
The method of Byers and Yang has been modified for
application to a current-carrying superconducting ring. Discussion is
limited to a cylindrical superconducting shell which is thin by the cri-

terion

AP << mhcle, (1)

lN. Byers and C. N. Yang, Phys. Rev. Letters o ia (1961).
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where A® is the (external or induced) magnetic flux which passes through
the body of the superconductor. This criterion is satisfied in the flux quan-
tization experiments, even though the samples are thick enough to exhibit
the Meissner effect. The new feature of this treatment is that in it the
zero-order approximate Hamiltonian includes the mutual magnetic inter-
action of the electron currents. This interaction is then treated by the
self-consistent-field method.

It is found that systematic pair degeneracy of single-particle
states occurs at values of the induced flux q;s which are related to the ex-

ternal flux <I>e by
@ +(1+y) @& =nrtic/e), (2)
where n is an arbitrary integer. The positive constant y is given by

Y= mc2/ce2 , (3)
where ¢ is the number of electrons per unit length of cylinder.

The degenerate pairs at selected values of q:s form the basis
of a current-carrying BCS state, identical in form to the usual zero-current
BCS state, but built on a shifted Fermi sea. The energy of the current-
carrying state is equal to that of the zero-current state, except for the
kinetic and magnetic energies of the supercurrent,

The presence or absence of the Meissner effect (represen-

ted here by the limit y - 0) plays no role in these considerations.
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V-38-1, Particles with Zero Mass and Particles with "Small' Mass
(51151-01)

F. Coester

The classification of the irreducible representations of the
inhomogeneous Lorentz group and explicit realizations of physical interest
are well known, L Representations for zero-mass and nonzero-mass
particles are characterized by different invariants and are qualitatively
distinct.

On physical grounds one should expect that particles with
energies large compared to their mass would be indistinguishable from
zero-mass particles. In other words, one should be able to obtain the
realizations of the zero-mass representations by continuous transition
from the case of nonzero mass, The purpose of this paper is to exhibit
this transition explicitly,

The formal limit m — O in the usual realization, Eqgs. (3)
below, leads to a reducible representation. By a simple canonical trans-
formation this realization is automatically reduced in the limit of vanish-
ing mass.

The generators of the inhomogeneous Lorentz group are

the space translations P, the time displacement H, the space rotationsM{,
P

and the proper Lorentz transformation K.

lE. P. Wigner, Ann, Math, 40, 149 (1939).

2V. Bargmann and E. P. Wigner, Proc. Natl. Acad. Sci. U. S. 34,
211 (1948).

aB. Bakamjian and L. H. Thomas, Phys. Rev. 92, 1300 (1953,

1. L. Foldy, Phys. Rev. 102, 568 (1956).

SIu. M. Shirokov, J. Exptl. Theoret. Phys. (U.S.S.R.) 33, 861,
1196, 1208 (1957); 34, 717 (G Sy, B (1959).

6I\/I. A, Melvin, Revs. Modern Phys. 32, 477 (1960).
7J. S. Lomont and H. E. Moses, J. Math, Phys. 3, 405 (1962).
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The states of a particle with mass m and spin s may be

represented by the function Y (p, 4) with the norm
2 2 i
I9ll” =2 S et (1)
"

where p is the momentum and p is the 3 component of the spin (-s < p < s).
A complete set of operators operating on these functions is given by P, %,
and s, where x is defined by

= i=—— (leie 4, bos by (2)

B )

The spin s commutes with both x and p. The three components of s satisfy
the usual commutation rules of angular momenta.

The generators of the Lorentz group are then realized as
=

/e
H = (p2 + m2) = W

(3)
J:zg 2o 8
(s. X p)
E:%(§w+wn§) - pz"" (w - m),

where p = |£| It is easy to verify that (i-g)/p commutes with all gene-
rators of the group if m = 0, The resulting representation is now reduci-
ble except for s = 0. If space reflections are included, the representation
for s = % is still irreducible. Since’\)s and s do not commute with (i-p)/p,
a complete set of operators on the invariant subspaces is not immediately
apparent. It is apparent, however, how we may obtain an equivalent rep-
resentation that is already reduced in the limit of vanishing mass: We

must diagonalize (s -p)/p.
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Let U be a unitary operator which commutes with P and

transforms s-.p according to

+
U (s-p)U=ps, , (4)
and define
q =UxU",
o (5)
El: USU+ 5

If we represent states by functions of'vg‘/and the eigenvalue
of sa', then 9 is represented by ialapk. Written as a function of&, P,
and s', the generator J is identical with that given by Shirokov5 for zero-
mass particles. The generator K becomes identical to Shirokov's zero-
mass realization for m = 0. As a possible position operator, ihas the
objectionable feature that its commutation relations with J are not those
of a vector.

The following conclusions can be drawn from our results:

(1) Particles with '"'small'" mass behave like particles

with zero mass,

The mass m is ''small' in this sense if it is small compared to all values

of p for which the state function is appreciable.

(2) High-energy particles (p >> m) with definite helicity
(3.p)/p and different spins behave alike,

There still is, of course, the well-known ''metaphysical'' difference be-

tween particles of zero mass and particles of small mass. For zero-mass
particles of helicity x > 1, the occurrence of otherwise identical particles
with smaller helicity would be an accident, For particles of small mass

one must expect such particles unless the interactions conspire not to
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produce them. For photons with small mass, this feature has been inves-

B il
tigated extensively.

A full report has been accepted for publication in the March

15 issue of the Physical Review.

5 L. de Broglie, Mecanique Ondulatoire du Photon et Theorie Quantique
des Champs (Gauthier-Villars, Paris, 1949), Chap. 5.

BF. J. Belinfante, Progr. Theoret. Phys. (Kyoto) 4, 2 (1949).

it
OF. Goester S PhysEER eV SIS 5708 (1951).

llM. M. Bass and E. Schrgdinger, Proc. Roy. Soct(Nondon)s228 25

1 (1955).

V-44-1, Foundations of Quantum Mechanics (51300-01)

H. Ekstein
1. A HISTORIC SKETCH

Quantum mechanics is primarily of German origin. There-
fore it has an ideological pedigree. It was heralded as the fulfillment of
a philosophical program. Heisenberg's "Konzert der Observablen' was a
positivistic battle cry, despite its esthetic overtones.

Not much remained of these noble hopes after the dust of the
initial skirmishes had settled. Far from dealing with quantities more di-
rectly observable than the Bohr-Sommerfeld orbits, quantum mechanics
had to state its basic assumptions in terms of nonobservable (complex)
wave functions or matrices. The physical interpretation, to be sure, re-
lated these unobservable quantities to observables; but it remains an
unprecedented departure from the pattern of past physical theories that

the subjects of the prime principles of quantum mechanics are not obser-

vables,
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It was inevitable that some conservatives should try to re-

turn to the tradition, and Pascual Jordan made just such an attempt with
his "Anschauliche Quantenmechanik.'" In this theory, the only basic quan-
tities are observables, and the principles are couched in operational
terms. The hope was that such a formulation could be shown, by purely
deductive manipulations, to be equivalent to either conventional quantum
mechanics or —and this is where the excitement of discovery begins —to
some other, more general theory.

Jordan assumed that the following operations between ob-
servables are operationally defined: addition, multiplication by real
numbers, and squaring. The algebra of observables so defined—the
Jordan algebra—can be realized or represented by operators on Hilbert
space, and thus one can recover conventional quantum mechanics. But
is this realization unique ? If not, we have not really gained much; by
choosing a particular representation, we have again smuggled nonphysical,
unobservable assumptions into our principles.

Later studies of this question by a number of investiga-
tors—including Wigner, v. Neumann, and Segal—showed that in order to
obtain some reasonably restricted choice of theories, a number of "topo-
logical" axioms had to be adjoined to Jordan's original set, i.e., state-
ments concerning the limits of sequences of observables. Such axioms

are, by their nature, not readily verified by experiment, and this seems

3

to be a serious defect of the entire approach.

Another objection concerns the basic assumptions of Jordan.

Is it legitimate to assume that observables can be added and squared?

For instance, if p and q are “'noncommuting'' observables, is it possible

to design a procedure (p + q) which will have the same frequency distri-

bution of measurements as the sum of the distributions of p and of q?

Nobody has been bold enough to offer such prescriptions, and therefore

the genuinely operational (probably the best translation for '"anschaulich'—

not philologically, but operationally) nature of Jordan's theory is in doubt.
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These considerations may have motivated v. Neumann and
G. Birkhoff to explore a radically different avenue to the foundations of
quantum mechanics. They investigated the '"logic, ' i,e., the calculus of
propositions, in physical theories of a nonclassical type. Unfortunately,
it is not easy to relate a postulated logical relations to experiment, so that
the verification seems to be again very indirect. What is more, quantum
mechanics does not fit into the scheme (modular lattices) which v, Neumann
and Birkhoff consider as plausible. Perhaps as a consequence of these dif-
ficulties, the entire field has been deserted by physicists and taken over by
philosophers of the more mathematically inclined type, expecially French,

This author is unable to evaluate their contributions,

2., A NEW APPROACH

It may be a sign of decline that physicists are again becom-
ing interested in questions of foundations; perhaps there is a lack of excit-
ing news of pragmatic nature. However that may be, there is a revival of
interest, and this author has an idea to contribute.

Classical mechanics deals almost entirely with pure, i.e.,
completely determined processes. Statistical mixtures are usually con-
sidered almost as an afterthought. In other words, it is found convenient
to deal with "delta functions' rather than more general measures on phase
space,

Translation of this remark to quantum mechanics puts em-
phasis on pure states, as contrasted to statistical mixtures, i.e., on
one-dimensional projections, Instead of trying to formulate axioms with
respect to general ensembles, we concentrate on pure states,

The essentially new assumption is that to every pure state
[ there is associated an observable (a question) Qf, which has only Yes (1)
or No (0) in its range, and which has expectationﬂx;alue 1 with respect to

the pure statemi, and less than 1 with respect to any other state g, i.e.,
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Exp Q (1)
ng

Let us consider the nature of Qf for classical physics. This
Qf is, quite literally, the question: are you’{.’; And in classical physics,

A

a pure state is either never or always found to be f. Hence Expg Qf =0
if i# g. This is a special case of our Eq. (1). T

It is postulated furthermore that the expectation value of
the question: '"are youi?" with respect to the pure state’é is the same as

the expectation value of the question: ''are you g?" with respect to the

state f, i.e.,

Expf Qg = Expg Qf .

Statements concerning pure states can be verified by de-
tailed consideration of experiments such as polarization. They are always
operational. It is true that these experiments are always dealing, in effect,
with only a finite number of '"degrees of freedom. "

With a reasonably small number of such postulates, it
seems possible to build a scheme which is mathematically equivalent to
quantum mechanics,

During a recent conversation with R, Haag, it was discov-
gred thaf he and Araki have had a very similar idea and are working on

it. We may combine our efforts in this investigation.
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PUBLICATIONS SINCE THE LAST REPORT

PAPERS

MASS SPECTROMETRIC STUDY OF THE MAGNESIUM HALIDES
J. Berkowitz and J. R. Marquart . . . o (ProjectiII=20)
J. Chem. Phys. 37, 1853-1865 (October il 06 2)

ON THE IONIZATION POTENTIAL OF THE CH, RADICAL
J. Berkowitzand S, Wexler oo . . . . . . . « . .(Project II-29)
J. Chem. Phys. 37, 1476-1478 (October 1, 1962)

NEUTRON DETECTION WITH GLASS SCINTILLATORS
L. M. Bollinger, G. E. Thomas, and R. J. Ginther . .(Project I-2)
Nuclear Instr. and Methods o168 (1962)

SCATTERING OF ALPHA PARTICLES BY Zn64 AND Zn6és8
H. W. Broek, T. H. Braid, J. L. Yntema, and
Beeeidmamni s o oot e s (Project 1=22)
Nuclear Phys. 38, 305- 315 (1962.)

STATES IN B10 FROM ELASTIC SCATTERING OF ALPHAS BY Li6é
G. Dearnaley, D. S. Gemmell, and S. S. Hanna. .(Unattached)
Nuclear Phys. 36,71-81 (July 1962)

NEUTRON BACKGROUND DUE TO Ta BACKINGS FOR LITHIUM
TARGETS
@I ibdon o it o e . e S (Project 1-98)
Nuclear Instr. and Methods 17 177 180 (1962)

"
THE MOSSBAUER EFFECT IN METALLIC IRON
R. S. Preston, S. S. Hanna, and J. Heberle . . .(Project I-19)
Phys. Rev. 128, 2207-2218 (December 1, 1962)

RADIATION SHIELDING STUDIES AT THE NAVAL CIVIL ENGIN-
EERING LABORATORY

Il 00, (SRE e s o o M e P SR
Naval Research Reviews (November 1962), pp.

(Unattached)
13-16

A BORON-LOADED LIQUID SCINTILLATION NEUTRON DETECTOR

USING A SINGLE PHOTOMULTIPLIER -
(@, 05 AEEIDIEE A ok oo o R SRR (Project 1-22)
Nuclear Instr. and Methods A 137-139 (1962)
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ABSTRACTS

New York meeting of the American Physical Society, January 23-26,
119613.

K?39(p,a)Ar36 REACTION
R. G. Allas, D. von Ehrenstein, L. Meyer- Schutzmelster,
Evarel Ut A EElmen B o s o 6 6 o o e (Prioject i T=2i)
Bull. Am. Phys. Soc. 8, 48 (23 January 1963)

REACTION B1l(p,y)C12 IN THE RANGE 4 < E; < 10 MEV
RENEEEA ISR S SRS Rl anmnal SO U S Ve e i e N e e e
Schutzmeister, ancFREN NS € oe [T E T e s (Projectil o2l
Bull. Am. Phys. Soc. 8, 11 (23 January 1963)

A STUDY OF THE Ca%0(d,d)Ca%0 AND Ca4%0(d,p)Ca¢l REACTIONS
L. L. Lee, Jr., J. P. Schiffer, and B. Zeidman. .(Project I-27)
Bull. Am. Phys. Soc. 8, 48 (23 January 1963)

REGGE TRAJECTORY IN FIELD THEORY
S and KO anakas She i Sl s S S (P o e ctRVEE L)
Bull. Am. Phys. Soc. 8, 44 (23 January 1963)

ACM STUDENT REPORTS

MASS SPECTROMETRIC STUDIES OF THE DIFFUSION OF ALKALI
SALTS THROUGH PLATINUM
NS A Bilils It . . (Project II-24)
ACM student report to Lawrence College (January 1963)

"
THE MOSSBAUER CROSS SECTION IN IRON-57 AT ROOM TEM-
PERATURE
W. Denno . . . . . .(Project I-19)
ACM student report to Kalama.zoo College (February 1963)

MEASUREMENT OF THE GAMMA DECAY OF Wlss
We S E Gelhiaars .o . . . (Project I-36)
ACM student report to Knox College (January 1963)



83

ADDITIONAL PAPERS ACCEPTED FOR PUBLICATION

PARTICLES WITH ZERO MASS AND PARTICLES WITH "SMALL"
MASS
B G gelsiticn ENR S s e e o e wi(Project V- 38)
Phys. Rev. (March 15, 1963)
THREE-NEUTRINO HYPOTHESIS
G d R s e N e e o (Project Vi-47)

Nuovo cimento

2 BREAKUP AND THE A RELATIVE PARITY
K. Hiida, J. L. Uretsky, and R. J. Oakes . . .(Project V-47)
Nuovo cimento

A TEST OF THE STATISTICAL NATURE OF FLUCTUATIONS IN
NUCLEAR CROSS SECTIONS
A Se PRt S d SRR S ichi ffe st SR (Proje ctil=34y)
Phys. Letters 4 (1 March 1963)

STEREOSCOPIC TELEVISION SYSTEM
I G I = e e e e (Project [-22)
Nuclear Instr. and Methods

POSSIBLE DETERMINATION OF THE SPIN OF :E:- FROM ITS
DECAY ANGULAR ASYMMETRY
M‘Peshkin....................(ProjectV—S)
Phys. Rev. (February 15, 1963)
(n,2n) REACTION CROSS SECTIONS FROM 12 to 19.6 MEV

A R a b B . s . - o, . . (Project I-90)
Phys. Rev.

THE GAMMA-RAY SPECTRUM FROM THERMAL NEUTRON CAPTURE
IN Hf177 AND ASSOCIATED ENERGY LEVELS IN Hf178
IESPNNTGRI S P v e SRS S e L L (Project 1-60)
Phys. Rev. (February 1, 1963)
A NOTE ON THE MEASURABLE ELECTRIC CHARGE OF SPIN -3
BOSONS

RESSpitzer G
Nuovo cimento

.(Project V-39)
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ON THE MECHANISM OF THE ISOTOPIC EXCHANGE OF TRITIUM
WITH METHANE
8. Wexler . . - o

il i T R .(Project II1-41)
J. Am. Chem. Soc. (February 1963)
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PERSONNEL CHANGES IN THE ANL PHYSICS DIVISION

NEW MEMBERS OF THE DIVISION

Student Aide (Co-op)

Mr. Gordon Hoffman, Illinois Institute of Technology. Working with

L. S. Goodman on a field stabilizer for atomic-beam
magnetic-resonance machines. Came to ANL on

January 28, 1963.

Student Aides (ACM)

Mr. David J. Bailey, Beloit College. Working with S. S. Hanna on

measurements of intensities and isomer shifts in the
"
Mossbauer effect in FeS7. Came to ANL on February

4, 1963.

Mr. Joel Terrence Klopcic, Knox College. Working with M. S.

Kaminsky on ionic impact phenomena on metal sur-

faces. Came to ANL on January 28, 1963.

Mr. Michael Peter Schulhof, Grinnell College. Working with J.

Heberle on the application of a superconducting mag-

net to Mossbauer experiments. Came to ANL on

January 28, 1963.

Mr. Leighton R. Scott, Knox College. Working with S. B. Burson

on the B and y spectroscopy of several isotopes,
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especially W188 and Rel88. The study will include
angular-correlation measurements and the use of
computer programs for analysis of B and y spectra.

Came to ANL on January 28, 1963.

PROMOTIONS

Morton Hamermesh, who has been Director of the ANL Physics

Dr.

Lowell M.

Division since April 1, 1959, was appointed Associate
Director of the Laboratory on February 15, 1963. In
this capacity he will help coordinate basic scientific

research in all divisions of the Laboratory.

Bollinger was made Director of the ANL Physics

D,

Division on February 20, 1963.

Murray Peshkin was made Associate Director of the ANL Physics

Division on February 2, 1963. He will be concerned
with administrative matters in the theoretical section

and with general policy for the division as a whole.
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